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Abstract:
Stable transformation is an essential tool for molecular biologists working on non-model 
organisms. The ability to introduce and express genes of choice in an organism provides a 
means to investigate important molecular questions such as gene function, biochemical 
pathway analysis, reporter gene studies and developmental processes. My PhD studies 
have focused on the transformation of the pest Helicoverpa armigera with the reporter gene 
EGFP (enhanced green fluorescent protein). There are essentially two parts to 
transformation, 1) DNA delivery and 2) target gene integration. Biolistics is a technique 
for DNA delivery that involves coating microscopic gold particles with the DNA of choice 
and accelerating them at high velocity into cells. Biolistics has been widely used to 
transform many kinds of plant tissue, and has had mixed success transforming Drosophila 
embryos. Extensive attempts to adapt biolistics to transform H. armigera embryos proved 
fruitless, with too many technical hurdles to overcome. These difficulties led me to use 
microinjection delivery of DNA into embryos. Compared to biolistics, microinjection is a 
lower-throughput technique delivering DNA to individual embryos, however, this method 
is well established, with none of the technological hurdles raised by biolistics. Results for 
microinjection were encouraging, with a high frequency of transient EGFP expression and 
the generation of two putative EGFP stably transformed H. armigera lines. Following 
DNA delivery, integration of target genes into insect genomes is commonly mediated by 
transposon-based gene movement. I used the class II transposon piggyBac to facilitate the 
movement of the EGFP reporter gene into the genome of H. armigera embryos as a visual
proof of integration.
The development of an effective microinjection technique also allowed exploration of the 
role of RNA interference (RNAi) in H. armigera. This highly specific silencing technique 
was used with a view to knocking down the expression of genes essential for the growth 
and development of this insect. This in turn will form the basis for the development of a 
targeted genetic control mechanism. By co-injecting an EGFP construct and either siRNA 
or dsRNA against EGFP into embryos, I observed a significant reduction in the frequency 
and level of EGFP fluorescence in embryos. Quantitative real time PGR validated these 
observations, showing a reduction in EGFP transcript upon co-injection with dsRNA or 
siRNA. These results suggest that the RNAi pathway is conserved in H. armigera and 
provide a basis for testing phenotypic effects of silencing specific genes in this insect.
For RNAi to be developed as an effective pest control mechanism, the parameters of RNAi 
in specific pests must be thoroughly understood. In particular, is systemic RNAi functional 
in H. armigera? For RNAi to be most effective, the silencing signal must be able to spread 
throughout all cells in the organism. One gene identified in C. elegans, known as SID-1, 
plays a role in mediating systemic spread of the RNAi signal, which may involve the 
cell-cell movement of siRNAs. Not all organisms contain a SID-1 gene. For example, no 
SID-1 homologue has been identified in Drosophila, and as a result systemic silencing is 
absent. I identified two different SID-1-like genes in H. armigera, strongly suggesting the 
possibility of systemic RNAi in this organism and supporting further studies into the use of
RNAi as a pest control mechanism.
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1 Chapter 1 -  Introduction
1.1 Background:
1.1.1 Importance of Cotton in Australia
Cotton production is a multibillion dollar global industry collectively producing 25,412,000 
metric tonnes per year (1). Cotton makes up 40% of all fibers sold worldwide (2) and is 
predominantly used in textile production, underpinning a trillion dollar worldwide clothing 
industry. Furthermore, cotton seed is harvested for its oil, and used in the fast food industry 
as frying oil, while the seed husk is used as animal feed. In Australia, there are over 1,500 
cotton growers producing 734,000 tonnes of cotton annually, with an estimated worth of 
$1.7 billion (3,4). Cotton is Australia's third largest export crop, shipping 90% of its cotton 
overseas, making Australia the forth largest international exporter (4). The importance of 
cotton, not only to Australia's economy, but to the world, illustrates the need to protect this 
commodity from destruction by insect pests. Currently, it is estimated that insect pest 
management accounts for 35-40% of the variable cost of cotton production in Australia (4), 
a figure thought to be much higher in other countries.
A large variety of insect, weed and fungal pests combine to reduce cotton production 
through various means, but the cotton bollworm, Helicoverpa armigera, is considered the 
most devastating and thus the most economically important.
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1.1.2 The pest: Helicoverpa armigera
A member of the family Noctuidae, the cotton bollworm has a typical lepidopteran life 
cycle. Three days after oviposition, the developing embryo hatches producing a caterpillar 
that undergoes five instar/molt stages followed by pupation and the emergence of an adult 
moth (figure 1.1). During summer months, the life cycle takes place over ~42 days, of 
which about half is spent in the larval feeding stage. During this feeding period larvae feed 
voraciously on plant material in order to attain a critical weight and store enough energy to 
sustain them during pupation. The highly polyphagous nature of this insect allows it to 
obtain its nutrients from a diverse range of plant hosts. This generalist feeding behavior is 
made possible by a well developed detoxification system, allowing the insect to cope with a 
diverse range of plant defense chemistry. This diverse feeding strategy is so extensive that 
H. armigera has been reported to feed on 75 different host plant species in Australia alone 
(5). The selective feeding habits of this pest have had severe effects on agriculture, directly 
reducing crop yields by preferentially feeding on nitrogen rich plant structures such as 
reproductive and actively growing tissue (6). In cotton for example, larvae feed 
preferentially on cotton bolls; this damage destroys the boll, or facilitates secondary fungal 
infection. Collectively, these physiological and behavioral traits, in combination with its 
substantial appetite and the long feeding period, have made H. armigera one of the most 
successful and thus most economically important agricultural pests in Australia. 
H. armigera is not only a major economic pest in Australia. It has a world-wide 
distribution, devastating agriculturally important crops such as cotton, chickpea, tomato, 
tobacco, potato, maize, sorghum and sunflower, amongst others. Of the 30 known insect 
and mite pests of cotton crops in Australia, the cotton bollworm is by far the most
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significant (2), costing the Australian cotton industry annual losses estimated at $225 
million (7). In order to curb the destruction of crops by this pest, a variety of control 
measures have been implemented in the past, each with varying levels of success.
Pupa forms 
and remains 
in the soil
Caterpillar 
goes 
through 
5 instar 
stages (1- 
3cm)
Moth emerges 
from pupal case
Caterpillar hatches
Figure 1.1: The life stages of Helicoverpa armigera. At 25°C, the life cycle takes 42 
days, 3 days as an egg, 19 days as larva, 6 days as pupa and 14 days as an adult moth.
1.1.3 Chemical control of H. armigera
Since the discovery of Dichloro-Diphenyl-Trichloroethane (DDT) by Paul Muller in 1939,
broad spectrum insecticides have been used for the control of a variety of insect pests. The
most widely used pesticides for the control of H. armigera are the pyrethroids, endosulfans
and carbamates. The widespread application of such insecticides, over time, provided a
selective mechanism resulting in the gradual emergence of insects that were resistant to
pyrethroids (8), carbamate (9), organophosphates (10), and endosulfan (11,12). The
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gradual accumulation of resistance meant that crops required increasing amounts of these 
chemicals in order to control H. armigera numbers. In the Yellow River region of China, 
resistance became so prevalent that pesticides were applied to crops 12 times during the 
1994 season to control the bollworm (13). The application of large quantities of broad 
spectrum insecticides onto a cropping ecosystem has a large impact on the surrounding 
environment. Irrigation of crops shortly after pesticide spraying results in the flow of large 
quantities of insecticide contaminated runoff into the surrounding environment. These 
synthetic chemicals steadily buildup in areas adjoining the cropping areas, taking prolonged 
periods of time to break down. The buildup of broad spectrum insecticides in the 
environment has off-target effects, killing many beneficial insects and causing an 
imbalance in the ecosystem, resulting in secondary pest outbreaks.
1.1.4 Biological Control of H. armigera
Mounting costs to the cropping industry and the environment, coupled with social pressure 
and the rapid accumulation of insecticide resistance, have prompted the exploration of 
novel approaches to control this pest.
In the past, traditional plant breeding has generated many cultivars of cotton, possessing 
specific characteristics that have increased resistance to insect attack. Resistance traits that 
have been selected for include:
1. Increased leaf trichome length which reduces moth oviposition (14).
2. Decreasing levels of the terpenoid aldehyde, gossypol, in seeds permitting easy 
human digestion, but increased leaf content for resistance to insect feeding (15).
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3. Plants lacking extra-floral nectaries, found to have lower insect infestation and 
reduced oviposition (16,17).
4. Early maturing crops that produce bolls at a time of the season when insect numbers 
are low (18).
Selection of cotton genotypes possessing traits for insect resistance, or tolerance, has had 
varying impacts on insect infestation that have been difficult to quantify (19). Furthermore, 
some resistance characteristics appear to have detrimental effects on crop yield and quality. 
As an alternative, transgenic technologies have been investigated to modify cotton plants to 
produce proteins that confer resistance to the cotton bollworm. A transgenic approach not 
only provides greater insect specificity and the environmental safety that pesticides lack, 
but also allows crop yield and quality to be maintained. A transgenic strategy was used for 
the development of Bt cotton, a line of cotton expressing two transgenes from Bacillus 
thuringiensis that produce toxins lethal to H. armigera upon ingestion (20). Successful 
transgenic approaches, such as this, have paved the way for the development of other novel 
genetics based control methods.
During the 1990s, Helicoverpa armigera single nucleocapsid nucleopolyhedrovirus 
(HaSNPV), a highly infectious and selective pathogen of the bollworm, was identified as a 
possible candidate for control of this pest. HaSNPV was engineered and developed into a 
commercial bioinsecticide that had varying levels of success. In 2002, Sun et al. undertook 
field trials using a modified HaSNPV, demonstrating its potential in the control of H. 
armigera (21). However, these studies also highlighted inherent problems with low yield 
of recombinant polyhedra in vivo, hindered its development into an effective biological 
control agent (22).
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The major advantage of using genetics as a pest control method over broad spectrum 
insecticides is its species specificity. Species specific control methods provide crop 
protection without harming beneficial insects in the cropping ecosystem, creating a double 
pronged attack that will further assist in the reduction of bollworm numbers. Thus, the 
development of a new control measure must provide a level of specificity required to target 
only the cotton bollworm and leave other insects unharmed. While the Bt toxins are 
somewhat specific and have had a huge impact on bollworm numbers, there is evidence that 
resistance could emerge, and thus a secondary control approach would be advantageous.
1.1.5 The Importance of Novel Insect Control
Chemical pesticides have been the workhorse of the Australian agricultural industry for 
almost 70 years. Since their introduction, they rapidly became the method of choice for 
controlling pest insect species that would otherwise have caused massive crop losses. The 
shear effectiveness of various classes of insecticides led to their widespread adoption for 
the protection of many different crops from some of the most devastating pests. However, 
the extensive application of these chemicals, over time, provided a selective pressure that 
resulted in the emergence of resistance to commonly used insecticides (23). In particular, 
the rapid spread of resistance throughout H. armigera populations reduced the effectiveness 
of these pesticides, requiring more frequent application to control pest outbreaks. The 
introduction of insecticide resistance management (IRM) guidelines to control the type and 
frequency of insecticide application throughout the growing season, helped to curb 
resistance buildup, but resistance still remains a significant problem. Recently, the 
emergence of transgenic technology has helped to bolster current IRM through the
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introduction of Bt cotton. The commercial use of Bt cotton has been very successful. For 
example, in regions of China, farmers have reduced the number of times crops are sprayed 
with insecticides per season from 12 to three (24). Furthermore, on average, Bt crops 
require 80% less insecticide per application to control pests like H. armigera (24). The 
reduction in insecticide application has also had the beneficial effect of reducing the 
frequency of resistance in these pests (13) and has allowed the recovery of beneficial 
insects, which in turn improve crop health.
While there is a potential for resistance to emerge to Bt cotton, the careful integration of 
transgenic technologies into current pest management strategies appears to be keeping pest 
numbers at bay for the time being. Nonetheless, more work must still be undertaken to 
develop new technologies to improve our defenses in the fight against our most serious 
cotton pests. The effective co-ordination of current control methods and the development 
and integration of novel techniques is essential to ensure a bright future for one of 
Australia’s most important agricultural assets.
1.1.6 RNA Interference
A novel technology that has emerged over the last decade, and that shows great promise in 
the field of molecular biology, is RNA interference (RNAi). A process first described in 
plants (25), and later identified in organisms spanning the kingdoms, this phenomenon 
provides a method by which gene expression can be silenced in a highly species-specific 
manner. As a result, RNAi shows incredible potential to be developed into a powerful 
insect pest control method.
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RNAi was first coined by Fire et al. in 1998 (26), and describes the sequence specific 
process by which double stranded RNA (dsRNA) triggers the destruction of mRNAs. Once 
delivered into a cell, dsRNA is bound and recognised by the RNaselll enzyme complex 
DICER which cleaves the dsRNA into ~21nt small interfering RNAs (siRNA) (figure 1.2).
11 I I I I I I I  I I 1 I I I I I I 11 I I Viral, transposon, exogenous dsRNA
DICER cleaves dsRNA into siRNAs
siRNAs associated with RISC
siRNAs guide RISC to cleave 
homologous mRNA
- m m  ^  
~TnTnH rn^ *i^ ^ Endogenous mRNA is degraded
Figure 1.2: The RNAi pathway involves dsRNA entering a cell where the RNaselll 
enzyme complex, DICER, cleaves the dsRNA into 21-23 nucleotide pieces called 
siRNAs. One strand of the siRNA associates with the protein complex RISC. The 
siRNA acts as a template to guide RISC to homologous regions of endogenous 
mRNA, where RISC specifically cleaves mRNA, thereby preventing protein 
translation.
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These siRNAs then associate with a multi-protein complex, forming an RNA induced 
silencing complex (RISC). In this complex, siRNAs act as a template to guide the specific 
enzymatic degradation of homologous mRNA transcripts. In this manner RNAi results in 
the sequence specific degradation of mRNA transcripts, thus preventing protein translation 
and silencing the gene.
RNA silencing was first described in plants where it was known as post 
transcriptional gene silencing (PTGS). The phenomenon was first reported following an 
accidental observation in which a chalcone synthase gene was introduced into a petunia in 
order to overexpress and enhance the purple colour, but instead the purple pigment was 
variegated (25). Originally this process was called antisense inhibition or co-suppression 
and it was suggested to be involved in a plant's response to RNA-based virus attack and 
transposon activity (27). dsRNA introduced into a plant from a viral or transposon source 
would be recognised by a plant cell, and a viral-specific mRNA degradation signal sent 
systemically to prevent viral RNA spreading to adjacent cells.
The phenomenon of RNAi in animals was in fact described previous to the paper of Fire 
et al. (1998) by Guo and Kemphues (1995), who showed the injection of par-1 sense and 
antisense RNA caused a par-1 mutant phenotype (26,28).
The discovery of co-suppression/PTGS in plants, and RNAi in animals, quickly led to a
wider search that found RNAi to be a conserved process, present across the kingdom
barriers in Drosophila and mice (29,30). The conserved nature of RNAi reinforces its
importance as a mechanism vital in, not only viral protection, but also in developmental
biology as a key regulatory mechanism through the micro RNA pathway (miRNA).
The rapid growth in RNAi research over the last decade has resulted in its application in
many different areas of molecular biology, from gene functional studies to disease
management. RNAi-based therapeutics have been reported, showing great promise in the
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management of diseases such as infection with HIV, herpes viruses and high cholesterol 
(31-33), and may show the same potential in boll worm genetic control.
While much of the RNAi-based research is currently focused on mammalian systems, 
significant studies continue in other organisms, including insects and more specifically 
lepidopterans, which are of particular interest in this project. RNAi has been demonstrated 
in a variety of lepidopterans in recent times, including Bombyx mori (silkworm) (34), 
Plodia interpunctella (pyralid moth) (35), Spodoptera litura (armyworm) (36), Hyalophora 
cecropia (cecropia moth) (37), Helicoverpa virescens (tobacco budworm) (38) and in 
cultured Manduca sexta (tobacco homworm) neuronal cells (39). For the most part, these 
studies have focused on the knockdown of genes for functional analysis rather than for 
control purposes. However these reports further bolster existing RNAi research in insects 
and provide encouragement for the development of an RNAi-based control method for 
H. armigera.
In order to develop RNAi into a new control method, first the efficacy and parameters of 
RNAi in H. armigera must be established. Successful demonstration of RNAi in 
H. armigera will lend weight to the development of an RNAi-based control measure 
targeting genes essential in the growth and development of this pest.
In this study we look to demonstrate the functional extent of RNAi in H. armigera by 
silencing a visual reporter gene. A common and non-lethal way of demonstrating RNAi in 
a new organism is to silence the reporter gene, green fluorescent protein (GFP). Knocking 
down expression of a visual marker like GFP illustrates the effectiveness of RNAi as a 
technique for specific transcriptional silencing. In order to demonstrate GFP silencing in 
H. armigera, first a stably transformed GFP line of H. armigera must be generated, a feat 
that has not been reported to date.
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1.1.7 RNAi Candidate Genes
The demonstration of the RNAi pathway within insects has provided a new avenue in insect 
pest control. By silencing genes specific to H. armigera that are vital in its growth and 
development, an effective pest control mechanism could be developed that would provide a 
level of specificity that current insecticides lack.
In this project a list of six H. armigera genes were identified as possible candidates for 
RNAi that would likely result in a phenotype detrimental to this pest upon silencing.
The genes chosen for this study are as follows:
■ Chitin synthase (CHS): a member of the glycosyltransferase family, catalyzes the 
polymerisation of N-acetylglucosamines to produce chitin, the main component of 
the exoskeleton of insects. Three genetic variants of CHS have been identified, one 
localised to the cuticle (1156R), one to the midgut (1156R3) and the third 
containing portions of sequence from both cuticular and midgut genes (CHS).
■ Juvenile hormone esterase (JHE): involved in the degradation of juvenile 
hormone, a hormone that plays a role in a vast array of physiological, 
developmental and reproductive processes in insects. Silencing of this gene should 
result in molting abnormalities, amongst other developmental defects.
■ Ecdysone (EcR) and Ultraspiracle (USP): constituents of a heterodimeric receptor 
involved in the activation of sets of developmental genes such as the early response 
genes in Drosophila e.g. Broad complex and some involved in cell death like grim 
and rpr (reaper).
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1.1.8 Transformation
The generation of transgenic insects has proven to be a very powerful genetics tool in many 
model insects in the past; for example, Ludwig et al. (1998) used P-element to introduce 
variants of the eve enhancer element into Drosophila to study their function and gain an 
insight into the evolutionary status of this important developmental gene (40). The 
development of a transformation technique adds a vital tool to the genetic tool box of 
insects, allowing the discovery, isolation and analysis of insect genes. The introduction of 
foreign genes into insects also provides a powerful method of manipulating endogenous 
genes and their expression profiles. Insect germ-line transformation through the use of 
transposable elements has been the method of choice for the past 20 years. Transformation 
techniques for various different insects have relied on a variety of class II transposons, the 
so called “cut-and-paste” transposons known for there ability to precisely excise their 
elements and insert them into another part of the genome without element replication. In 
contrast, class I retrotransposons use an RNA intermediate and reverse transcriptase, 
producing multiple translocation events.
The first insect to be transformed with a class II transposon was Drosophila, transformed 
with the genus specific P-element (41). The P-element has been well studied and widely 
used in gene disruption studies to determine the function of genes. However, while 
P-element was so successfully used to transform Drosophila, when used in non-drosophila 
insects, it failed to mediate transformation (42). The limitation of P-element to act as a 
functional gene shuttle only within Drosophila species is a disadvantage. Furthermore, its 
bias towards insertion into hotspots restricts its use as a mutagenesis saturation tool.
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Since the discovery of P-element the past two decades have seen the emergence of new 
transposable elements and a remarkable increase in reports of newly transformed insects 
across various orders (table 1.1). However, like P-element, many of the transposons 
discovered in Dipterans have a poor host range; their efficiency of transposition drops 
dramatically between closely related species. For example, the transposon Hermes can 
transform Drosophila melanogaster with a -50% efficiency while it only has a 10% 
efficiency in Aedes aegypti (43,44). Other transposable elements that are functional in 
dipterans include Mariner, hobo, Hermes and Minos, but again, these transposons have 
functional limitation in even closely related species.
The first transposable element found that was able to transfonn a non-dipteran insect was 
piggy’Bac. Originally piggyBac (earlier known as IFP2) was isolated from lepidopteran cell 
cultures of the cabbage looper moth, Trichoplusia ni, and was discovered after insertion 
into a baculovirus genome causing a mutant plaque forming phenotype (45). piggyBac was 
first used as a transformation vector by Handler (1998) to transform the Mediterranean fruit 
fly (46). The piggyBac element consists of a single 2476bp open reading frame that is 
flanked by 13bp inverted terminal repeats (ITR) involved in genome integration. piggyBac 
insertion targets a four base pair TTAA sequence. This tetramer sequence is duplicated 
upon insertion (47), and in a manner unique to piggyBac, is restored upon the element’s 
excision, leaving no footprint in its wake (48). piggyBac has since been shown to be 
functional in a variety of different organisms including Tribolium castaneum, Lucilia 
cuprina, Anopheles albimanus, Drosophila melanogaster and, most importantly to this 
study, the lepidopteran Bombyx mori (49-52). However, like other known transposons, the 
efficiency of piggyBac transformation also appears to vary, ranging from 1% (A. gambiae) 
to 40% (A. albimanus) in thq Anopheles genus alone (51,53).
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Table 1.1: Reports of Transposon-based Transformation in Insects
O rg a n is m T ra n s p o s o n s R e fe re n c e
D. m e lanogaste r H erm es O 'B ro ch ta  et al. 2000  (54 )
hobo B la ckm a n  et al. 1989 (55 )
M inos L o u ke ris  et al. 1995 (56)
Mos1 G a rza  1991 (57 )
P-e lem ent R ub in  and S p rad ling  1982 (41)
p iggyB ac H a n d le r and H arre ll 1999 (58 )
Ae. A egyp ti H erm es Ja s in s k ie n e  et al. 1998 (43 )
Mos1 C o a te s  et al. 1998 (59 )
p iggyB ac Lobo  and F rase r 1999 (60 )
A nophe les  a lb im anus p iggyB ac P e re ra  et al. 2002  (51)
B om byx m ori p iggyB ac T a m u ra  et al. 2000  (52)
M inos U ch ino  et al. 200 7  (61)
Tribolium  castaneum p iggyB ac B e rg h a m m e r et al. 1999 (4 9 )
M inos P a v lo p o u lo s  et al. 200 4  (62 )
H erm es B e rg h a m m e r et al. 1999 (4 9 )
Pectinophora  gossyp ie lla p iggyB ac P e lo q u in  et al. 200 0  (63 )
C eratitis  capitata M inos L o u ke ris  et al. 1995 (56)
p iggyB ac H a n d le r et al. 1998 (46)
H erm es M iche l et al. 2001 (64)
G ryllus b im acu la tus p iggyB ac S h in m yo  et al. 2 0 0 4  (65)
(S o m a tic  tra n s fo rm a tio n )
H elicoverpa zea Hobo D e V a u lt et al. 1996 (66 )
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Furthermore, the comparison of piggyBac transformation in three different stains of B. mori 
showed significant variation in transformation efficiency possibly due to variation in the 
genetic background of these strains (67). The variable transformation efficiency of 
different transposons in different organisms seems to suggest that transposon-mediated 
gene movement depends largely on the compatibility between the transposon and organism 
of choice. Such compatibility also dictates the stability of the transgene once integrated 
into the host genome, where the presence of endogenous transposases could markedly 
reduce the transfonnation efficiency within a given organism.
The mobility of a transposable element post-integration is a critical factor when trying to 
generate a stably transformed insect line. Once a gene of interest has been inserted, it is 
preferable that it does not to remobilise. Transgene remobilisation can result in movement 
into a dormant part of the genome or a complete loss of the transgene. Transposon 
instability in this case makes it difficult to track the progress of transgenes through 
subsequent generations and also complicates phenotypic transgene studies. Microinjection- 
based transposition assays performed in H. armigera have identified that, in the absence of 
exogenous transposase, the hobo transposable element can be remobilised, suggesting the 
presence of an endogenous hobo-like transposase (68). While endogenous transposons 
have been identified in some organisms, to date no reports have demonstrated the presence 
of a functional piggyBac transposon in H. armigera.
While the list of transformed insect continues to grow, it contains only a few 
representatives from the Lepidoptera. One insect pest that I wish to add to this list is 
H. armigera, for which no transformation protocol currently exists.
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This study aims to deliver a piggyBac construct containing an enhanced green fluorescence 
protein (EGFP) reporter gene into pre-blastoderm H. armigera embryos in conjunction with 
a helper plasmid to provide a source of transposase. Three different promoters will also be 
analysed for their ability to driver reporter expression in In vivo. These promoters include 
the two Drosophila promoters, Heat shock 70 (HSP70) and Polyubiquitin, and the highly 
conserved eye specific Pax-6 binding promoter, 3x3P, each of which has been 
demonstrated to be functional in Lepidopteran systems (68-70).
While traditionally DNA constructs have been delivered into eggs via microinjection, a 
relatively new, high throughput, technique called biolistics was evaluated, with the aim of 
counteracting the possible low frequencies o fpiggyBac-based transformation.
1.1.9 DNA Delivery 
1.1.9.1 Biolistics
Biolistic DNA delivery involves the high speed propulsion of DNA-coated microscopic 
micro-carriers, made of gold or tungsten, into the tissue of choice. This method of DNA 
delivery has been applied to a diverse range of organisms and tissue types since it was first 
used to transform onion cells in 1987 (71). While predominantly used in plants to begin 
with, it was not long before biolistics was applied to insects with the successful 
bombardment of Drosophila embryos with ß-galactosidase in 1990 (72). Biolistics has 
become routine in C. elegans (73) and many plant based systems, however, it has not been 
so readily taken up by the insect molecular biology community, with only a handful of 
reports in recent times. For example, biolistics was used to deliver dsRNA into Drosophila 
embryos (74), for DNA delivery into B. mori embryos, fragile tissue (75), and into
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dissected silk glands (76). One reason for the slow uptake of insect biolistics may, in part, 
be due to the “helium burst“ method of accelerating the micro-carriers. Pressurised helium 
is applied to a flexible kapton disk designed to rupture at a specific pressure. Upon helium 
pressure reaching the specified rupture disk value; it breaks, releasing a blast wave of 
pressure that propels the micro-carriers towards the sample. The detrimental effect of the 
helium blast on fragile insect tissue has previously been reported by Thomas et al. 
(2001X75).
The time required to troubleshoot technical problems associated with different insect tissue- 
types, coupled with the relatively few successful reports of insect biolistics, may be further 
reason for its slow uptake. However, the high throughput nature of biolistics, with the 
ability to deliver DNA to thousands of cells/embryos at once, makes it a very enticing 
technique. If biolistics can successfully be adapted to deliver DNA to H. armigera 
embryos, it would be a very powerful tool that would assist in transposon transformation by 
helping to overcoming potential low transformation efficiencies with its high-throughput 
characteristic. The application of biolistics could also remove the need for traditional 
embryo microinjection transformation, saving a significant amount of time.
1.1.9.2 Microinjection
For more than 25 years microinjection has played a crucial role in insect transgenesis and 
remains the method of choice when delivering DNA into insect embryos. Pre-blastoderm 
insect embryos are typically positioned under a dissecting microscope and, using a small 
glass capillary needle, positioned with a micromanipulator, a DNA solution is carefully 
injected into individual embryos. While this technique is quite time consuming, not only to
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perform but initially to learn, it is very reliable allowing injection of very small, yet precise, 
amounts of DNA into each embryo with great care. The success of this technique in 
Drosophila transgenics was first reported in 1982 by Rubin et al. and, in combination with 
transposons, has spread to yield multiple other transgenic insects (41). While the technique 
is well documented, the morphological diversity of insect embryos (figure 1.3) poses a 
problem, whereby each different type of insect embryo requires a slightly different method 
of injection. As a result, microinjection methods require species-specific optimisation, 
where correct needle-type selection is critical for an efficient technique to be established. 
Once established, however, microinjection becomes a powerful, and very diverse, 
molecular tool allowing the delivery of transposon constructs for insect transgenesis and 
dsRNA for RNAi experiments.
While biolistics was the primary method of choice in this project for the delivery of 
piggyBac reporter constructs into H. armigera embryos, microinjection was retained as the 
reliable backup technique.
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Figure 1.3: Variation of insect egg morphology, a) Helicoverpa armigera, b) Centra 
australis, c) Cryptophasa, d) Uraba lugens, e) Podisus maculiventris, f) Sphinx 
ligustri, g) Colias interior, h) Chrysomelidae, i) Chelepteryx chelepteryx. White scale 
bars represent 0.5mm.
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1.1.10 Systemic RNAi Deficient (SID-1)
While its roles have not yet been fully defined, current research demonstrates that the RNAi 
pathway is a vital biological process, as illustrated by its conserved nature in organisms 
across the kingdoms. Extensive studies over the past ten years have begun to shed light on 
the possible roles of RNAi, from its anti-transposon, anti-viral action in many plants, to the 
complex miRNA developmental pathways observed in organisms from C. elegans to 
Humans. This variation of biological roles in different organisms is underpinned by a high 
degree of similarity in the RNAi machinery at the protein level, giving rise to functionally 
similar pathways. One example of such functional similarity is the systemic spreading 
nature of the silencing signal.
In 1998 Fire et al. found that injecting dsRNA targeted to GFP into GFP transgenic
C. elegans, resulted in complete loss of GFP expression (26). The total loss of GFP
expression in the animals rather than just in the immediate area surrounding the point of
injection indicated that the silencing signal was transmitted through the animal acting in
distant regions of the body. Systemic silencing has also been observed in plants, where
RNAi spreading was found to be facilitated by vascular tissue (77), but, like animals, the
molecular signal traveling from cell to cell within the organism is still unclear. In 2002
Winston et al. came closer to understanding the systemic signal when they discovered a
C. elegans mutant with the ability to trigger cell autonomous RNAi, but lacked the systemic
spreading of silencing normally observed (78). This work led to the cloning of Systemic
RNAi Deficient (SID-1), a gene later identified as a putative transmembrane protein that is
required for systemic RNAi in C. elegans. Feinberg and Hunter (2003), expressed the
SID-1 protein in Drosophila S2 cells lines; used due to their strong cell autonomous RNAi,
lack of systemic RNAi and lack of SID-1 homologue (79). Expression of SID-1 in S2 cells
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made them susceptible to uptake of different sized dsRNAs, resulting in dose-dependent 
silencing of the transiently expressed firefly luciferase reporter gene. The addition of 
different lengths of dsRNA revealed that SID-1 was more active in transporting longer 
(500bp) dsRNAs. If SID-1 selectively mediated the movement of only longer dsRNAs as 
the systemic signal, this would act as a “filter’', stopping smaller regulatory microRNAs 
from moving to inappropriate cells while still allowing a silencing signal to spread cell-to- 
cell.
Collectively these results confirm the crucial role that SID-1 plays in systemic silencing but 
falls short of illustrating the mechanism by which it facilitates this phenomenon. One 
point, however, is certain: the presence of SID-1 is essential for systemic silencing to occur. 
With this in mind, it would be expected that the presence of a SID-1 homologue in 
H. armigera would strongly suggest not only a functional RNAi pathway but also a 
systemic effect, one of the bollworm specific requirements if RNAi is to be developed as a 
pest control measure.
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2 Chapter 2 -  Biolistics
2.1 Introduction:
The ability to transform an organism with foreign genes has emerged as a powerful 
technique for the analysis of gene function and regulation of gene expression. 
Transposable elements have proved to be invaluable in insect molecular genetics since 
Rubin et al. first used the P-element to transform Drosophila in 1982 (1).
While transposons have now become mainstream in insect transformation, analysis of 
different transposons has demonstrated variability in gene transfer efficiency between 
closely related genera. This variability highlights a level of uncertainty when adapting 
transposable elements for use in a new insect.
In many insects, transformation efficiencies of even the most promising transposable 
elements can be quite low. In two separate reports, the piggyBac transposon was used to 
transform 1) D. melanogaster with a transformation frequency of 6-7% (2), and 2) the 
lepidopteran, B. mori with a transformation efficiency of 0.7-3.9% (3). The low number of 
transformation events observed for pigg\>Bac (particularly in a moth) implies that a large 
number of transformation experiments are required in order to overcome low efficiencies. 
In the past, insect transformation has relied on the microinjection of hundreds of pre­
blastoderm embryos with transposable elements to obtain a stably transformed line. 
Microinjection is a well established transposon delivery technique, and has been used to 
transform insects such as Drosophila (1), mosquito (4) and silkworm (3). However, 
microinjection is a time consuming and technically challenging technique that does not 
easily lend itself to transfonnation experiments that require very high throughput.
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In developing a new piggyBac-based transformation technique for H. armigera, 
three aspects must be considered:
1) piggyBac gene transfer efficiency in H. armigera may be low, therefore;
2) Large numbers of embryos must be transformed to overcome low efficiency, and 
hence;
3) A high through-put piggyBac delivery system is required.
The idea of high throughput was a primary consideration to overcome any low 
transformation efficiency that piggyBac might impose. As a result, this study was designed 
to exploit the high throughput nature of biolistics to deliver piggyBac-VQ-poriQY DNA into 
hundreds of H. armigera embryos at once, in a bid to produce a stably transformed insect 
line.
Over the past twenty years the use of biolistics as an effective transformation method has 
rapidly expanded since it was first used in plants to deliver DNA into onion cells (5). Since 
then, the application of biolistics has broadened, mediating the successful introduction of 
DNA into mammalian tissue (6,7), yeast (8,9), C. elegans (10) and insects, with the 
bombardment of Drosophila embryos with ß-galactosidase (11) and, later, the 
bombardment of B. mori tissue (12).
Biolistics involves coating microscopic particles of gold or tungsten (micro-carrier) 
with DNA and accelerating them at high speed towards the sample. High-throughput is 
achieved through the bombardment of hundreds of embryos simultaneously with thousands 
of DNA-coated micro-carriers.
As no microinjection based DNA-delivery protocol has been established for 
H. armigera, the high-throughput nature of biolistics made it a very attractive method for 
transgenesis studies.
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Since 1990, three studies involving insect biolistics DNA delivery have been reported, two 
in B. mori and one in Drosophila (11-13). The report by Thomas et al. (2001) 
demonstrated the complexity of this technique and the troubleshooting involved for tissue- 
specific optimisation (13). The slow uptake of this technique in insects may be due to the 
time required to troubleshoot a new biolistics system, compared to a possible pre-existing 
microinjection setup that may be sufficient to generate the transgenic material required.
In order to develop a biolistics protocol for H. armigera, the three previous studies were 
used as a guide. In each of these studies, the chorion, or shell, of the embryos was either 
partially removed, in the case of Drosophila, or embryos were dissected from pupae before 
the chorion developed, in the case of B. mori. The chorion of insect embryos provides 
protection against mechanical damage, pathogen infection and desiccation in nature and 
would thus impose a substantial barrier to micro-carrier penetration. In this study biolistics 
was used to deliver DNA to H. armigera embryos obtained post oviposition, when the 
chorion is fully developed. While the partial or total removal of the chorion may be 
necessary for biolistics to be successful, the impact this has on the viability of the embryo 
required assessment.
In this study biolistics was used to deliver a variety of fluorescence reporter gene 
constructs into 1-2 hours old, pre-blastoderm H. armigera embryos in an attempt to produce 
DsRed or EGFP fluorescent embryos as an indicator of transformation. Transformation 
efficiencies have been optimised through the analysis of three major parameters: rupture 
disk pressure, blast distance and embryo preparation.
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2.2 Methods:
2.2.1 Reporter Plasmids:
The transient EGFP expression vector pGEMhsp70EGFP (Whyard unpublished) (appendix 
2.1) was initially used to determine whether sufficient plasmid DNA could be delivered 
into H. armigera embryos to allow visible EGFP expression. pDsRed-Express-1 
(Clontech), containing a heat shock promoter (hsp70) promotor in the multiple cloning site 
(appendix 2.2) was also trialed as an alternative to EGFP to determine which fluorescent 
marker was most easily scored. pB[PUbDsRedl] (14) (appendix 2.3) was used to test an 
alternative to the hsp70 promoter in H. armigera embryos.
Plasmid DNA was maintained in DHlOß E. coli cells, which were liquid cultured in Luria 
Broth (LB) supplemented with ampicillin at a final concentration of lOOpg/ml. Sufficient 
plasmid DNA was generated by growing 300ml liquid cultures of cells at 37°C while 
shaking at 200rpm for ~16hours. Plasmid DNA was isolated using an Endotoxin-free 
Maxi-Prep kit (Qiagen) following the manufacturer’s instructions.
2.2.2 Embryo Preparation:
A proportion of the embryos required bleach dechorionation by putting embryos into a pre­
wetted filter rig on a black cloth to make embryos more visible. 150ml of 1:4 diluted 
sodium hypochlorite (free chlorine 2% w/v final concentration) was prepared fresh and 
slowly poured over the embryos in the filter rig over a 5 minutes period. While still in the 
filter rig, embryos were washed with water for 3 minutes to remove the remaining sodium 
hypochlorite. Some Whatman filter paper cut to size was soaked in a solution of 50%
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sucrose and placed in a Petri dish. Embryos were then spread evenly over the filter paper 
using a paint brush, and the filter paper left to briefly dry to the point where it was slightly 
tacky and embryos were firmly adhered.
2.2.3 Insect Diet and Rearing:
After bombardment and recovery, some embryos were transferred to 96 well plates 
containing H. armigera soya diet. Soya diet was made by mixing 41.6g soy flour, 15.8g 
agar, 25g wheat germ, 58.3g brewer’s yeast per liter of water. This mixture was heated in a 
microwave until boiling for 1 minute, stirred, and then boiled for a further for 2 minutes. 
The heated mixture was blended with a hand bar mixer until it cooled to 63°C, at which 
time 2.5g ascorbic acid, 837mg sorbic acid, and 2.5g nipagin were added and thoroughly 
mixed. Diet was poured into wells, allowed to set and cool before adding larvae into 
individual wells and the lid placed on the plate (non-air tight). Larvae were kept at 25°C 
with an 8-16 hour dark-light period.
2.2.4 Preparation of Gold/DNA:
Gold particles of 1.6pm diameter (BioRad) were store in PEO at 4°C at 50mg/ml. 30mg of 
gold was centrifuged at 17,530xg for 30 seconds and supernatant aspirated. Gold particles 
were washed in 600pl absolute ethanol followed by two washes in 600pl H2O. Gold 
particles were re-suspended in 600pl FLO by vigorous vortexing for ~30 seconds and 
immediately dispensed in lOOpl aliquots into fresh tubes. 20pg of plasmid DNA was added 
to the suspended gold particles, and the preparation vortexed. lOOpl 2.5M CaCE was 
added, vortexed, followed by the addition of 40pl 0.1M freshly thawed spermidine (Sigma).
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The DNA/gold preparation was put on ice for 45min to allow the DNA to precipitate onto 
the gold particles. The sample was centrifuged at 17,530xg for 30 seconds, aspirated, and 
the pellet washed in 500pl absolute ethanol followed by centrifugation at 17,530xg, 
aspiration and resuspention of the pellet in 80pl absolute ethanol. 10pl aliquots were 
dispensed into kapton micro-carriers (BioRad) directly before bombardment, and the 
ethanol was allowed to evaporate.
2.2.5 Particle Delivery System 1000 (PDS 1000) Parameters:
Rupture disks were briefly soaked in absolute ethanol and loaded into the head piece of the 
hepta-adapter. Micro-carriers containing DNA were loaded onto the lower hepta-adapter 
apparatus and a stopping screen put in place. The micro-carrier apparatus was put into the 
PDS 1000 chamber such that the micro-carrier placements lined up with the hepta-adapter 
pressure discharge tubes. The Petri dish platform was adjusted to a height 2-3cm (two 
notches) from the bottom of the micro-carrier apparatus. Once embryos had been placed in 
the Petri dish platform in line with the hepta-adapter, the PDS 1000 door was sealed and the 
chamber pressure raised to 26 inches Hg. The helium pressure behind the rupture disk was 
raised until the rupture disk burst. Immediately after bombardment, embryos were 
transferred to 1 % agar plates and put in an oxygen enriched container at 25°C for recovery. 
After 24 hours recovery, if required, embryos were heat shocked at 37°C for 1 hour to 
activate the hsp70 promoter.
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2.3 Results:
2.3.1 Rupture Disk Variation and Embryo Penetration
In order to determine the conditions required for the chorion of H. armigera embryos to be 
penetrated by microscopic gold particles, embryos were bombarded at different 
micro-carrier velocities controlled by rupture disks of different rupture pressures.
Embryos were prepared for bombardment as described above in methods section 
2.2.2. Standard bombardment conditions were used (section 2.2.5) with a series of 
different rupture disks supplied by Bio-Rad, ranging from 800psi up to 2200psi. During the 
bombardment procedure it was noticed that some rupture disks did not burst at the specified 
pressure, but were instead rupturing at lower pressures. The extent of premature rupturing 
was roughly proportional to the specified rupture pressure of the rupture disk. Generally, 
the higher the rupture disk value, the larger the premature rupturing. For example, a 
rupture disk specified for 900psi would rupture as low as 700psi, while a 2000psi disk 
would rupture as low as 1500psi. The inconsistencies of rupture disks made comparison of 
gold particle penetration into embryos, between biolistic experiments, very difficult. 
Inconsistencies also arose in the dispersal of the gold particles during bombardment. The 
distribution of gold particles over the plates containing the embryos was not uniform, but 
has a patchy, gradient dispersal (figure 2.1).
To determine whether gold particles could penetrate the embryos, embryos 
bombarded using a relatively high pressure (1550psi) rupture disk were taken and examined 
for presence of gold particles within the embryo’s interior. After bombardment, embryos 
were fixed and embedded in wax for sectioning.
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Examination of the chorion and internal regions of the embryo sections showed no 
gold particles had entered the interior of the embryos. Instead, gold particles were found 
clustered on the outer edge of the chorion and had not penetrated the chorion (figure 2.2). 
Repeat experiments using 2000psi rupture disks also showed no gold particle penetration.
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Figure 2.1: Patchy 
gold particle
dispersal post
bombardment using 
the BioRad PDS 
1000 fitted with a 
hepta-adapter.
Figure 2.2:
Section of a 
bombarded 
H. armigera embryo 
showing that the 
chorion (red arrow) 
inhibits the biolistic 
penetration of 1.6pm 
gold particles (Blue 
arrows) into the 
interior of the 
embryo following 
bombardment at 
1550psi.
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2.3.2 Chorion Removal
In an attempt to facilitate entry of the DNA coated gold particles into H. armigera embryos, 
the chorion was partially removed by briefly soaking the embryos in a solution of 2% 
sodium hypochlorite (SH). By partial removal of the chorion, a significant barrier to the 
gold particles was removed without dramatically degrading the integrity of the embryo.
In order to determine the optimal amount of chorion that could be removed without 
destroying the integrity of the embryos, a time course experiment was undertaken. 
Embryos were soaked in SH for zero, one, two, three, five, or ten minutes, followed by 
washing in water and subsequent transfer to agar plates for recovery at 25°C. 
Approximately 50 embryos from each treatment were separated and analysed for viability 
(embryo hatch rates) four and seven days post chorion removal (DPCR). Short SH 
treatment up to three minutes increased the hatch rates of the embryos from 58% with no 
SH treatment, to 73%. SH treatment longer than three minutes had an adverse impact on 
hatch rates seven DPCR, dropping from 73% at three minutes, to 65% at 10 minutes 
(figure 2.3).
2.3.3 Embryo Immobilisation
The removal of the chorion not only has the potential to reduce the integrity of the embryo, 
but exposes the embryo to desiccation, which in turn may reduce embryo viability and 
reduce survival rates post bombardment. In order to secure embryos during bombardment, 
they were placed on filter paper soaked in 50% sucrose. It is possible that the high sucrose 
concentration and the increased permeability of the dechorionated embryos, could promote
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Egg Hatch Rates Following Sodium Hypochlorite Treatment
80% t—
70%
No Bleach 1 2 3 5 10
SH Treatment Time (minutes)
Figure 2.3: Time course analysis of H. armigera embryo hatch rates following partial 
chorion removal with sodium hypochlorite (SH) treatments of different lengths (average 
n=49). Hatch rate data was collected 4 and 7 days post treatment (DPT).
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osmotic desiccation. The alternative to using sucrose pads is to place dechorionated 
embryos directly onto the filter paper, allowing residual dissolved chorion on the outside of 
the embryos to act as a glue, holding the embryos in place during bombardment.
These two embryo immobilisation methods were compared by contrasting embryo 
survival rates post bombardment using either embryos with chorions intact or partially 
removed via a three minute SH treatment.
Embryos with their chorion left intact had comparably high survival rates under 
both “sucrose’' and “filter alone” fixing methods, with survival rates of 77% and 80% 
respectively (figure 2.4). Embryo survival rates dropped sharply for the dechorionated 
embryos, with 52% of embryos surviving on the sucrose pad, and 29% of those under filter 
alone conditions.
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Sucrose Pad Vs Filter Paper Egg Immobilisation During Low Pressure
Bombardment
90%  -
80%
Sucrose pad Dry Filter Paper
Figure 2.4: Comparison of hatch rate of embryos 7 days post bombardment (DPB) that 
were dechorionated or left with chorions intact when immobilised for bombardment on 
dry filter paper or filter paper soaked in 50% sucrose, (average n=51)
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2.3.4 Hatch Rates of Embryos Post Bombardment
Having identified some vital parameters for gold penetration of embryos such as chorion 
removal, the next step was to determine the appropriate rupture disk to suit these 
parameters and still maintain high survival rates. The rupture disk controls the velocity of 
the gold particles during bombardment, providing sufficient acceleration for particles to 
penetrate the dechorionated embryos without destroying them with the helium blast 
pressure.
A standard biolistics protocol was followed (12) testing a variety of different 
rupture disk values ranging from 900-2200psi. Continued problems with inconsistent 
rupture disks bursting before their specified pressure, meant that different bombardment 
experiments using the same rupture disk value could not be accurately compared. As a 
result, during subsequent bombardment experiments, the actual pressure that each rupture 
disk burst was recorded and this information was used to categorise each bombardment into 
low (800-900psi), medium (1400-1550psi) and high (1900-2200psi) pressure groups.
Approximately 50 embryos from each bombardment experiment were transferred to 
96 well plates containing H. armigera diet where, seven days post bombardment, embryo 
hatch rates were recorded. Generally, a higher percentage of embryos with intact chorions 
survived the bombardment procedure than those with their chorion partially removed. 
Surprisingly, dechorionated embryos bombarded at low pressure seemed to have the lowest 
survival rates while medium pressure disks resulted in a slightly higher hatch rate that the 
high pressure disks (figure 2.5).
A selection of bombarded, dechorionated embryos were cross-sectioned to 
determine if the gold particles had penetrated the embryos in the absence of a chorion.
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Microscopic analysis of the embryo sections showed that the chorion was difficult to define 
and had almost dissolved into a gel-like coating around the embryo. With the absence of a 
hard barrier, the gold particles had penetrated the embryos even with medium pressure 
rupture disks (figure 2.6). As only one side of each embryo was exposed to the incoming 
gold particles, only one side of each embryo was permeated with gold particles, resulting in 
clustering of particles at different depths on one face of the embryo.
The non-uniform distribution of the gold particle over the bombarded plate of 
embryos meant that some embryos were bombarded with too many gold particles, causing 
them to collapsed, while other embryos outside these “blast zones” were not hit with any 
gold particles at all. Those embryos present within the blast zone appeared to sustain lethal 
damage from the full force of the helium pressure blast.
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The Effect of Chorion Removal on Embryo Survival Post Bombardment
80%
90%
Low Medium High Medium No DNA
Control
Rupture Disk Pressure Category
Figure 2.5: Comparison of dechorionated and chorion intact H. armigera embryo hatch 
rate 7 days post bombardment (DPB) with low (800-900psi), medium (1400-1550psi), or 
high (1900-2200psi) rupture disks, (average n=52).
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Figure 2.6: Section of a sodium hypochlorite dechorionated H. armigera egg post 
bombardment with 1.6pm gold particles at 1550psi. Gold particles (blue arrows) 
have penetrated the interior of the embryo in the absence of a protective chorion.
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2.3.5 Reporter Gene expression: comparison of DsRed and EGFP 
2.3.5.1 EGFP Reporter:
In order to detect the presence of a transgene within an embryo, reporter constructs were 
delivered into the embryos to provide an easily observable visual marker. The first reporter 
tested was EGFP, driven by a heat shock promoter (hsp70). Gold particles were coated 
with the pGEMhsp70EGFP plasmid via spermidine precipitation as described in section 
2.2.4 and bombarded into dechorionated and chorion intact embryos. As a negative control, 
a second batch of embryos were bombarded with gold particles that had been spermidine 
precipitate treated in the absence of any plasmid DNA. After bombardment, embryos were 
allowed to recover at room temperature for 1 day, followed by heat shock at 37°C for 
1 hour in order to activate the hsp70 promoter before EGFP analysis. Two hours post heat 
shock, embryos were viewed under a fluorescence dissecting microscope. Examination of 
the chorion intact embryos showed that many embryos emitted a pale green-blue colour 
dissimilar from the deeper green colour typically produced upon EGFP expression. This 
high level of auto-fluorescence appeared to arise from the outer layer of embryos that were 
either sterile (i.e. very white embryos that did not develop the brown banding pattern of 
fertile embryos) or embryos that had died during the bombardment process (figure 2.7). 
This auto-fluorescence was intense enough to mask any EGFP that might have been 
present. This problem was exacerbated by the diffraction and reflection of light from auto- 
fluorescing embryos through neighboring translucent embryos. High auto-fluorescence 
was also observed in the shells of embryos that had recently hatched (figure 2.8a,b) further 
obscuring the identification of EGFP.
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Figure 2.7: H. armigera embryos bombarded with either pGEMhsp70EGFP (a,b) or no-DNA 
controls (c,d), each showing significant auto-fluorescence when viewed under a Leica dissecting 
fluorescence microscope through the “GFP 1” filter (Excitation 425/60nm, Barrier 480nm) 
under normal light (a,c) and excitation light from a mercury lamp (b,d).
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Figure 2.8: Examples of different sources of auto-fluorescence emitted from: a) 
pGEMhsp70EGFP bombarded embryos that had previously hatched (i.e. embryo shells) and, 
b) the shells of viable embryos bombarded with gold particles with no-DNA as a control, 
c,d) residual dissolved chorion that acts like glue between embryos (c) from a gold particles 
with no-DNA control and d) from pGEMhsp70EGFP bombarded embryos. All Images were 
viewed through a “GFP 1” filter (Excitation 425/60nm, Barrier 480nm).
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Similarly, auto-fluorescence was also a problem when analysing dechorionated embryos. 
Dechorionated embryos appeared to have a gel-like substance, probably dissolved chorion 
tissue, coating all the embryos (figure 2.8c,d). This viscous material was highly auto- 
fluorescent and prevented clear detection of EGFP expression.
No visible EGFP expression was identified in any of the bombarded dechorionated 
or chorion intact embryos. A small portion of embryo from each experiment showed high 
levels of green-blue auto-fluorescence whether or not they were dechorionated, or 
bombarded with gold coated in DNA or just gold particles alone. Two days post 
bombardment, some embryos began to hatch, indicating that many of the embryos had 
survived the bombardment process but did not express EGFP.
2.3.5.2 DsRed Reporter:
As a result of the embryo auto-fluorescence masking any EGFP fluorescence, a new 
reporter gene was sought with an emission wavelength outside the blue/green spectrum 
(~488-510nm). DsRed has an emission peak at ~583nm, producing a red fluorescence that 
would not be masked by green auto-fluorescence. A pDsRed-Express-1 plasmid was used 
for bombardment, where the rapidly expressed version of DsRed was driven by hsp70.
An identical experiment to the EGFP bombardment was designed with the 
replacement pDsRed-Express-1 plasmid. Embryos were bombarded under the same 
conditions and left to recover for one day at room temperature, followed by heat shocking 
at 37°C for one hour. Microscopic analysis revealed no red fluorescence in control 
dechorionated embryos bombarded with gold particles alone. Similarly, no red 
fluorescence was observed in dechorionated embryos bombarded with the pDsRed- 
Express-1 construct. However, upon examination of the embryos bombarded with their
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chorion left intact, some showed very bright red fluorescence that filled the entire embryo 
(figure 2.9). These highly fluorescent embryos were, however, very uncommon and tended 
to radiate their fluorescence to neighboring embryos, making it difficult to assess adjacent 
embryos for red fluorescence. Similarly, in control samples, a small number of embryos 
bombarded with gold particles in the absence of DNA, showed high levels of red 
fluorescence. The majority of embryos bombarded with either gold particles alone or with 
pDsRed-Express-1, showed no red fluorescence.
In order to determine if the lack of DsRed fluorescence was due to poor activation 
of the heat shock promoter, an alternative plasmid was used where DsRed was driven by a 
constitutively expressed polyubiquitin promoter. Biolistics delivery of pB[PUbDsRedl] 
into embryos showed similar results to those observed for pDsRed-Express-1. While a 
small number of embryos also showed high levels of red fluorescence in pB[PUbDsRedl] 
and no-DNA bombarded controls, the majority of embryos produced no red fluorescence. 
In summary, embryos bombarded with either of the DsRed constructs, or the corresponding 
no-DNA controls, showed total embryo fluorescence or none at all.
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Figure 2.9: Examples of the red auto-fluorescence observed in chorion intact 
embryos post bombardment with the a,b) hsp70 DsRed-Expressl plasmid, or c,d) no- 
DNA gold control. Embryos were viewed under a Leica dissecting fluorescence 
microscope through the “TXR” filter (excitation 560/40nm, barrier filter 610nm) 
under a,c) normal light and b,d) excitation light from a mercury lamp.
54
2.3.6 Molecular analysis of embryos
DNA extraction from embryos proved to be a difficult task. Several different commercial 
kits and published protocols failed to yield DNA of sufficient quality or quantity to be used 
in PCR analysis. A scaled down variation of the CTAB method used by Agusti et al. 
(1999) was found to be successful at extracting DNA from pools of 10 embryos, and to a 
less reliable extent from single embryo preparations (15). Before DNA was extracted, 
bombarded embryos were DNasel treated to remove residual external DNA from the 
bombardment process. In addition, it was necessary to deactivate DNasel and thoroughly 
wash embryos before DNA extraction. Repeated PCR analysis using genomic DNA from 
single embryos did not reveal the presence of any transgenes in either EGFP or DsRed 
biolistics experiments.
Analysis of some neonates that had hatched from embryos bombarded with 
pB[PUbDsRedl] showed some dull red fluorescence localised around the gut (figure 2.10). 
These neonates were cut in half and used directly as template in a PCR. Control 
mitochondrial primers indicated sufficient DNA was released from neonate tissue for PCR 
amplification. Very faint bands were observed using DsRed primers which were confirmed 
upon nested PCR, but similar bands in the “No DNA” negative controls indicated 
contamination (data not shown) (see appendix 2.4 for primer sequences). The sacrifice of 
living neonate tissue meant that this result could not be repeated to determine the source of 
contamination.
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Figure 2.10: H. armigera neonate co-bombarded with a)
pB[PUbDsRedl] and piggyBac helper, phspBac plasmids, or b) no- 
DNA control. Viewed under a Leica dissecting fluorescence 
microscope through the “TXR” filter (excitation 560/40nm, barrier filter 
610nm) using illumination from a mercury lamp. Dull red fluorescence 
was observed localised to the gut.
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2.4 Discussion
In this study I have demonstrated the parameters required to allow penetration of DNA 
coated gold particles into H. armigera embryos via biolistic DNA delivery.
Biolistics relies on the high speed bombardment and penetration of living tissue with 
microscopic DNA coated gold particles. The small size of the gold particles ensures that 
minimal tissue damage is inflicted during bombardment. Once particles enter the cell, the 
DNA is released into the embryo’s interior. The high throughput nature of biolistics, which 
has made it so successful, requires the bombardment of large numbers of samples with 
millions of gold particles. High throughput increases the likelihood of a successful 
transformation event. Three factors determining the success of bombardment based 
transformation include:
1) The penetration of gold particles into the embryo;
2) The mortality rate of the tissue post bombardment; and
3) The efficiency of transformation.
2.4.1 Chorion Penetration
The shell, or chorion, of a H. armigera embryo is very tough, providing structural support 
and protection form desiccation, pathogen infection and mechanical damage. Results from 
the bombardment of intact H. armigera embryos showed that the chorion is a substantial 
barrier to microscopic gold particles. Similarly, in B. mori the presence of an outer sheath 
on follicles impedes the penetration of bombarded particles (12). Even when accelerated 
with the highest pressure rupture disks, the chorion still prevented the penetration of gold
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particles into the embryo. The small sized gold particles (1.6pm) clearly did not carry 
enough momentum to puncture the chorion, and were blocked even when accelerated at 
maximum velocity. Larger gold particles would carry more momentum and might have a 
better chance of piercing the chorion, but would potentially punch larger holes in the 
embryos that could be detrimental to their survival. The alternative approach, therefore, 
was to weaken the chorion to allow passage of gold particles while retaining the integrity of 
the embryos and the protective role of the chorion.
2.4.2 Chorion Removal and Embryo Survival
Since the chorion is the primary protective structure of the embryo, its partial removal 
could have a large effect on the survival rate of the bombarded embryos. In order for 
biolistics to be deemed successful for transformation, its high throughput capacity has to be 
maintained. Thus as many embryos as possible must be kept alive throughout the 
bombardment process as high embryo mortality rates would lower the throughput of this 
method and reduce the chance of a transformation event.
Time course chemical dechorionation experiments determined the optimal time for 
SH treatment of embryos to remove as much of the chorion as possible before embryo 
mortality rates became too high. Results showed that even a small amount of chorion 
removal was beneficial, with embryo survival rates peaking at 73% with three minutes of 
SH treatment. It is possible that the treatment of embryos with SH sterilises the 
enviromnent outside the embryo, killing any fungal or bacterial pathogens on the surface of 
the embryo. Thus, SH mediated sterilisation could have the advantage of pre-cleaning 
embryos before bombardment, thereby reducing the exposure of embryos wounded during 
the procedure to pathogen. Making the chorion wall thinner may also have secondary
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benefits by enhancing gas exchange across the embryo membrane, potentially assisting 
embryo development and neonate hatching.
During the bombardment process, the breaking of rupture disk due to the build up of 
pressurised helium, exposes embryos to a high pressure shockwave of gas. This shockwave 
dislodges any embryos that are not firmly fixed. To circumvent this problem, filter paper 
soaked in 50% sucrose was used to stick embryos to the filter paper in a Petri dish. A 
concern with the use of sucrose in combination with dechorionated embryos was that the 
high external solute concentration might osmotically draw water from the embryos, causing 
them to desiccate. A comparison between the used of sucrose adhesion and the alternative 
use of dry filter paper showed that the filter paper alone was less effective at immobilising 
embryos during bombardment. Further, dechorionated embryos fixed to filter paper alone 
had a survival rate more than 20% lower than those on the sucrose pad. The likely reason is 
that the filter paper soaked up much more water from the embryos, almost totally 
desiccating them. The detrimental effects of “filter paper” desiccation were exacerbated in 
cases where embryos became thoroughly stuck to the filter paper, making subsequent 
handling and transfer of the embryos difficult and further increasing embryo mortality. The 
addition of a sucrose solution to the filter not only provided better embryo adhesion, but 
also prevented the embryos from totally drying out. Sucrose adhesion during bombardment 
also made it easier to wash embryos off the filter paper with water, making transfer and 
handling of embryos much less damaging.
2.4.3 Embryo Particle Penetration
By partially removing the chorion from the embryo, the barrier inhibiting gold particle 
penetration is weakened. Further bombardment experiments were thus undertaken to assess
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particle penetration and mortality rates in the dechorionated embryos. As expected, those 
embryos with their chorion left intact had a higher hatch rate than those that were 
dechorionated, which is likely due, in part, to the type of adhesion used as discussed above. 
Surprisingly, when the survival rates of the dechorionated embryos were analysed, the 
results showed that embryos bombarded using lower pressure rupture disks had a higher 
mortality rate than those bombarded at a higher pressure. One possible explanation is that 
after dechorionation some embryos became structurally weak and burst if lightly damaged. 
The helium burst shock wave the embryos are exposed to during bombardment would 
damage many dechorionated embryos causing them to burst. At a lower pressure only the 
weakest embryos would burst, leaving some fragile embryos to be included in hatch rate 
screening. In contrast, those embryos bombarded at higher pressures would undergo more 
intense damage from the shock wave, thus killing all but the strongest embryos. As a result, 
predominantly stronger embryos with a greater chance of survival would be used for hatch 
rate screening, thus skewing the hatch rate results.
Analysis of bombarded dechorionated embryo sections clearly showed the SH
mediated breakdown of the chorion allowed gold particles to enter the interior of the
embryos. In each of the embryo sections examined gold particles were localised to the side
of the embryo facing up during bombarded. The non-uniform dispersal of gold particle
upon bombardment meant that the density of gold particles in each embryo correlated with
the location of the embryos on the plate during bombarded. The hepta-adapter fitted to the
gene gun splits the helium shock wave up into seven tubes that propel seven gold coated
macro-carriers towards the embryos. This provides a more even distribution of gold
particles over the entire plate than a single macro-carrier. However, while the hepta-
adapter provided better gold particle distribution, it still produces patchy, gradient areas of
gold particles. As a result, some embryos are bombarded with more gold particles than
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others. This in turn means that embryos located in the blast zones where gold particle 
density is highest, typically suffer massive cellular damage resulting in large numbers of 
embryos bursting, a phenomenon also reported by Kravariti et al. (2001) (12). Radiating 
out from these blast zones the density of gold particles is lower and generally fewer burst 
embryos are observed. Taking this into consideration, positioning of the embryos on the 
plate plays a large part in determining, 1) how many gold particles collide with an embryo, 
and thus 2) how much damage embryos suffer during bombardment, and finally 3) the 
likelihood that an individual embryo will have DNA delivered into an optimal region for 
transformation to occur. As a result, many embryos on a plate will either be destroyed if 
they are too close to the blast zone, or will not receive sufficient DNA to be transformed. 
A small portion, however, will lie in areas of that plate where conditions are conducive to 
transformation.
2.4.4 Reporter Gene Delivery
The confirmation that the PDS 1000 was able to deliver gold particles into dechorionated 
embryos demonstrated this protocol could be used to deliver reporter gene constructs into 
H. armigera embryos. Reporter genes such as GFP have been widely used in the past to 
demonstrate transformation in a variety of organisms such as C. elegans (16), B. mori (17) 
and M. domestica (18). The introduction of an EGFP construct into H. armigera embryos 
provides a non-lethal method of validating transformation, which is essential when 
screening individuals to generate transgenic lines. Furthermore, the translucent nature of 
H. armigera embryos makes identification of fluorescent markers uncomplicated.
Biolistics was used to deliver an EGFP reporter construct, driven by the hsp70 
promoter, into dechorionated and chorion intact embryos. Upon successful transformation,
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it was expected that individual cells within the embryo would express the EGFP transgene 
in a similar pattem described by Kravariti et al. (2001) in B. mori follicles (12). After heat 
shock activation of EGFP expression, EGFP bombarded embryos were compared to those 
bombarded with no-DNA gold particles. In each of the embryo samples, a large number of 
the embryos were fluorescing very brightly, even in the no-DNA control. The fact that no- 
DNA bombarded embryos produced fluorescence that was blue/green in colour rather than 
deep green, confirmed that this was not EGFP, but auto-fluorescence coming from the 
embryos. Closer observations of the embryos showed that the auto-fluorescence originated 
from either, 1) the chorion of damaged, dead or empty embryos; 2) from the partially 
dissolved chorion of the dechorionated embryos; or 3) from internal vitellogenin/yolk 
material of unfertilised embryos.
Rather than overcoming the problem of auto-fluorescence, the DsRed reporter was trialed 
in place of EGFP. DsRed bombardment produced similar fluorescence patterns, with large 
amounts of red fluorescence emitted from damaged, dead or unfertilised embryos. In each 
case the fluorescence, when present, filled the entire embryo: there was no partial or cell 
specific fluorescence as reported in B. mori biolistics (12). It was expected that the 
penetration of a limited number of gold particles into the embryos would result in cell 
specific reporter expression in those cells exposed to the plasmid DNA. Thus, the lack of 
partial or patchy fluorescence within the embryos reinforces the hypothesis that the 
observed fluorescence was not due to the plasmid DNA expression.
None of the observed embryos contained any areas of visible EGFP or DsRed. This 
suggests that either, 1) insufficient amounts of DNA were delivered into the embryos; or 2) 
that the DNA was not delivered to the correct areas in the embryos; or 3) that the hsp70 
promoter did not drive EGFP or DsRed expression to visible levels; or 4) that the plasmid
DNA did not remain attached to the gold particles throughout the bombardment procedure.
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Previous successful bombardment experiments in a range of tissue types from C. elegans 
(16) to soybean (19) and B. mori follicles (12), suggest that the latter explanation is 
unlikely, implying either a faulty promoter or that the amount/position of DNA delivered 
was insufficient for visible transient expression. The possibility that the hsp70 promoter 
could be non-functional or not strong enough to drive visible reporter levels, was tested 
though the use of a DsRed reporter under a strong polyubiquitin promoter. Bombardment 
of embryos with pB[PUbDsRedl] revealed similar results as for the hsp70 driven construct, 
with high auto-fluorescence and a lack of DsRed expression. These results suggest that the 
quantity of DNA delivered was insufficient. As previously suggested, the number of 
particles that enter each embryo during bombardment varies depending on its positioning 
on a plate, and the amount of DNA delivered by each gold particle is unknown, and thus the 
amount of DNA being delivered is incalculable.
Consistent with the lack of identifiable EGFP or DsRed fluorescence, PCR analysis 
carried out on bombarded embryo DNA preparations found no detectable transgenes in any 
of the samples. Similarly, PCR analysis performed on neonates that hatched from DsRed 
bombarded embryos could not convincingly confirm the presence of the DsRed transgene. 
While PCR is a very sensitive technique, the minute amounts of DNA delivered into 
embryos by the gold particle might not have been recovered at levels detectable using 
standard PCR, requiring more sensitive DNA extraction techniques. It is also possible that 
transgenes were not detected in bombarded embryos due to plasmid DNA being degraded 
or rendered non-functional by adverse inner-embryo conditions post delivery.
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2.5 Conclusion:
Gene gun based biolistics has proven to be a very successful method of high-throughput 
transformation over a wide range of organisms and tissue types. Establishing an organism- 
specific protocol for efficient biolistics-based DNA delivery is a challenge that has required 
other researchers (12,13) to significantly alter equipment and refine experimental 
conditions to suit the organism/tissue of choice. The optimisation of a biolistics protocol 
for H. armigera has been no less arduous than that of other organisms, and is a fine 
example of the organism specific adaptations that are required for such a procedure to 
succeed.
This work outlines several key aspects of biolistics that are required for gold-based 
DNA delivery into H. armigera embryos. The removal of the embryo’s chorion in 
conjunction with sucrose immobilisation, the bombardment procedure and general embryo 
handling, while necessary, appears to be detrimental to the survival of the embryos, causing 
almost half of them to die. The patchy nature of gold particle dispersal during 
bombardment suggests that, of the remaining live embryos, only a small percentage would 
contain an optimal number of gold particles carrying sufficient DNA for expression. 
Theoretically, the higher the quantity of transgene delivered into the embryo the greater the 
probability of exposing the nucleus to the transgene and thus gaining expression. In order 
to increase DNA delivery using biolistics, more gold particles must enter the embryo 
where, paradoxically, the increased gold particle penetration inflicts greater damage to the 
embryos, leading to higher mortality rates. The cumulative high mortality/low efficiency 
rates at each step of the biolistics process negate the high-throughput nature of biolistics, 
one of its main advantages over other methods of transformation. These findings, in 
combination with the fact that no reporter genes were observed or detected following
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molecular analysis, indicates this method of transfonnation is not suitable for the stable
transformation of H. armigera.
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3 Chapter 3 -  Microinjection
3.1 Introduction:
The genetic transformation of any organism relies on two general steps, 1) the delivery of 
DNA into the organism, and 2) the expression and/or integration of the transgene. In insect 
molecular biology the fonner has typically been mediated by the injection of the transgene 
into pre-blastoderm embryos (1-3).
As previously described, biolistic transformation of H. armigera embryos proved 
very unreliable, with a lack of confirmed transgenic insects and numerous technical 
problems reducing its appeal as a high-throughput technique. As a result, the well 
established approach of microinjection was employed for the transformation of 
H. armigera embryos to provide a method of reporter gene delivery. The frequency of 
transformation via microinjection o f insect embryos relies heavily on the activity of the 
transgene and its regulators once inside the embryo, but the manner of transgene delivery 
also has a significant impact on transformation efficiency. As previously illustrated, 
attempts to transform embryos can be severely hampered if mortality rates during DNA 
delivery are too high. In order to establish an efficient transformation protocol for insects, 
an effective method of delivery must be devised keeping mortality rates to a minimum.
While still a comparatively low-throughput technique of transformation, 
microinjection has proven to be a very reliable method, having been used to transform an 
array of different organisms from Drosophila, to mosquitoes and the silkworm, 
demonstrating its versatility in DNA delivery (4-6). However, for each species of insect for 
which microinjection has been reported, the technique has required optimisation to account 
for variation in embryo morphology. The subtle differences in embryo characteristics
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change their properties, making some more robust and less susceptible to damage than 
others. This variation is thought to have arisen by adaptive evolution to specific 
environmental conditions. These variants are so prevalent that slight differences have been 
described between populations within the same species (7). For this reason micro injection 
techniques have to be tailored in a species-specific manner in order to achieve a healthy 
survival rate.
One of the most common methods of achieving a stable transgenic insect line is 
through the use of type-2 transposable elements. In the presence of a corresponding 
transposase, these elements have the ability to move from one region of a genome to 
another in a precise excision-reinsertion manner. A variety of different type-2 transposons 
have been used in the past to transform many different insects, such as Mosl and hobo in 
Drosophila (8,9), Hermes in Tribolium and Ae. Aegypti (10,11) and Minos in Ceratitis. 
capitata, Drosophila, Tribolium castaneum and Bombyx mori (12-14), but none have been 
so widely used as piggyBac.
Originally called IFP2, piggyBac was discovered in Trichoplusia ni cell lines (15), 
and was subsequently shown to have the most extensive host range of any known 
transposon. Thus far piggyBac has been demonstrated to be functional in Dipterans, 
Drosophila (16), lepidopterans, Bombyx mori (6), Coleopterans, Tribolium castaneum (17) 
and Orthoptera, Giyllus bimaculatus (18). It has a transformation efficiency comparable 
with any other known transposon, ranging from 3-5% (19) up to 42.9% (20).
In this project a piggyBac transposon engineered to contain either an EGFP or 
DsRed reporter gene was used in combination with microinjection to transiently transform 
H. armigera embryos. Generating a stably transformed reporter line of insects would 
enable further studies to be undertaken on RNAi based knockdown in these insects using a 
non-invasive, non-lethal analytical approach.
70
3.2 Methods:
3.2.1 Plasmids:
Plasmid DNA was generated and purified as described in section 2.2.1.
The transient EGFP expression vector pGEMhsp70EGFP (appendix 2.1) was 
initially used to determine whether enough plasmid DNA could be delivered into 
H. armigera embryos to allow visible EGFP expression. pDsRed-Express-1 (Clontech) 
(appendix 2.2) under the control of a hsp70 was also trialed to determine which fluorescent 
marker was most easily scored. Four piggyBac-based plasmids were used for transient and 
stable transformation assays: 1) neural specific pBac[3xP3-EGFP af] (see appendix 3.1), 2) 
pB[PUbDsRedl] (appendix 2.3), 3) pB[PUbnlsEGFP] (see appendix 3.2), and 4) phspBac, 
piggyBac helper (appendix 3.3).
3.2.2 Needle Pulling:
A Sutter Instruments P-97 micropipette puller was employed to pull needles using a series 
of programs. A full spectrum of needles were trialed from short, highly tapered and robust, 
to long, slender and fine (figure 3.1). Replacement of the platinum heating filaments in the 
needle puller caused inconsistencies in needle production whereby needle settings had to be 
changed from time to time to produce the same needle types. Sutter Instruments capillaries 
with the following properties were used: Borosilicate glass capillary with inner filament, 
O.D. 1.2mm I.D. 0.69mm, length 10cm.
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Figure 3.1: A range of different glass capillary needles trialled for 
microinjection of H. armigera embryos. Generally, needles similar to 5 
and 6 were used to inject H. armigera embryos.
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3.2.3 Embryo Preparation:
Embryos were collected from mesh coverings of H. armigera moth mating chambers 1 -3 
hours after they had been oviposited. Embryos were sprayed with a 2% solution of sodium 
hypochlorite (0.16% free chlorine) to loosen then from the mesh and to inhibit fungal 
infection. Using a clean wet paintbrush, embryos were transferred to a 10 x 1mm length of 
double sided tape on a microscope cover slip (~10 embryos per cover slip), with embryos 
oriented with the dorsal micropyle rosette structure facing the side of injection. These 
embryos were gently pressed down with the brush to hold the embryos in place. Embryos 
were microinjected as soon as possible after oviposition, ideally during early nuclear 
cleavage before the formation of a blastoderm in order to expose pre-germ cell nuclei to 
transposon DNA.
3.2.4 Microinjection:
The microinjection procedure was set up similar to that described by Handler and Harrell 
(1999) (16) (appendix 3.4). Embryos lined up on microscope cover slips were positioned 
under a dissecting microscope on a movable stage. To the side of the microscope stage a 
micro-manipulator was positioned to grip a needle holding rod with fine adjustments. The 
needle holder was attached to an Eppendorf Femptojet to provide precise pressure for 
injection. Using Eppendorf needle loading tips, 5pl of injection mixture (Transposon 
plasmid, transposase helper plasmid each at 750ng/ul, 5x injection buffer (250mM KC1, 
5mM Sodium Phosphate in H2O pH 6.8)) was loaded into the needle. Initially blue food 
dye (containing brilliant blue FCF) was added to the injection mixture to trace its injection 
into embryos. The loaded needle was then positioned in the needle holding head. Using
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the coarse adjustment on the micromanipulator (appendix 3.5) the needle was positioned in 
the microscope’s field of view over the embryos. The seal at the end of the needle was 
broken off by bending the tip to breaking point under the microscope thus allowing the 
injection liquid to flow. Using the micro-manipulator and stage manipulators, the needle 
was positioned in line with the embryo aiming to the insert the needle adjacent to the 
micropyle rosette protrusion. Using the stage manipulators, the needle was sharply inserted 
approximately half way into the embryo and the Femptojet foot peddle was used to expel 
DNA into the embryos using the following settings: ti -  0.5, pi — 400, Pc - 150. The 
position and depth of needle penetration into the embryo was designed to deliver DNA 
close to the ventral side of the embryo where germ cells form, thus enhancing the chances 
of successful transformation.
3.2.5 Embryo Recovery:
After embryos were injected, they were left on the double sided tape on the microscope 
cover slips and placed in a Petri dish with a small amount of sterile water. The Petri dish 
was then placed in an air tight container with a small amount of water to maintain humidity. 
The container was sealed and oxygen pumped into the container inlet for ~30 seconds to 
increase the oxygen concentration. The air inlet/outlets were closed and the container 
stored at 25°C to allow embryos to recover. Some embryos were later transferred to diet 
(section 2.2.3) trays for hatch rate analysis.
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3.2.6 Fluorescence Analysis:
Two days post injection with reporter constructs, fluorescence of embryos (during the 
gastrolation stage) were analysed on a Leica MZ10 F fluorescence dissecting microscope. 
For analysis of DsRed fluorescence a TXR (Texas Red) filter (excitation 560/40nm, barrier 
filter 610nm) was used, for EGFP analysis GFP2 (excitation 480/40nm, barrier filter 
510nm) was used. All fluorescence images were captured using a Zeiss AxioCam digital 
camera with AxioVision software (version 4.6.1.0) set to an exposure time of 2.61 seconds.
3.2.7 cDNA Production:
Total RNA was treated with DNasel (Invitrogen) following the manufacturer’s instructions, 
and the resulting DNA-free RNA used as template for reverse transcription. Total RNA 
was reverse transcribed with superscript III reverse transcriptase and OligodT primers 
(Invitrogen) to produce first strand cDNA. The cDNA was RNaseH treated to remove 
RNA, then stored at -20°C.
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3.2.8 PCR:
Table 1: PCR reagent volume/concentrations used for all standard PCR reaction
R eagents Volume (pi) Final
Concentration
1 Ox Buffer 2.0 lx
MgCl2 (50mM) 0.6 1.5m M
dNTP Mix (2.5mM each) 1.6 0.2m M
Forward Primer (lOpM) 1.0 500nM
Reverse Primer (lOpM) 1.0 500nM
Taq (5U/pl) 0.5 0.125U /pl
H20 12.3 -
DNA Template (~100ng) 1.0 5ng/pl
Standard PCR cycling conditions: 
1 cycle
94°C -  5 minutes 
35 cycles
94°C -  30 seconds 
52°C -  30 seconds 
72°C -  45 seconds
1 cycle
72°C -  7 minutes
Reaction specific changes were made to the annealing temperature and number of cycles as 
required. Reagents were purchased from Invitrogen and volumes scaled up as required. 
EGFP and 18s ribosomal primer sets (see appendix 3.6 for primer sequences) were used to 
amplify the corresponding fragments from cDNA template (see appendix 3.7 for target 
sequences).
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3.3 Results:
3.3.1 DNA Delivery
The delivery of DNA into embryos via microinjection has been the technique of choice for 
insect transgenic work for many years. While this technique has been well established for 
many insects, examples of H. armigera embryo injection are lacking, with only a single 
report by Pinkerton et al. 1996 (21). The unique combination of structural properties of the 
H. armigera embryo required that a customised microinjection protocol be established. 
Experimental variables included, 1) the type of needle used (robust versus non-damaging), 
2) the most effective needle holding apparatus (hand held versus micromanipulator), 3) the 
volume of DNA mixture that could be injected, and 4) the user’s technique.
A large range of needles was initially trialed to find one that was robust enough to 
penetrate the tough chorion of the embryos without breaking, but was sufficiently slender to 
avoid mortally puncturing the embryo. Using the Sutter needle puller, a variety of needles 
were produced, from short and stumpy to long and thin (figure 3.1). An appropriate needle 
was chosen that was both strong and slender, but able to deliver a DNA mixture into 
embryos without becoming constantly blocked by cellular debris.
In order to practice the technique of microinjection, DNA was delivered into H. armigera 
embryos of any age, whether they were fertile or not. To visually detect whether the DNA 
solution was entering the embryo and not spilling out upon injection, blue coloured food 
dye was added to the injection mixture.
Hand held injections were trialed by grasping the needle holder (attached to the Eppendorf 
Femptojet to provide injection pressure) and manually injecting embryos as they rested on
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the mesh cloths that they were laid on. This method proved very challenging, requiring a 
very steady hand to move the needle cleanly into and out of the embryo. This technique 
resulted in many burst embryos and broken needles.
As an alternative, the micro-manipulator was used to hold the needle, allowing steady and 
very fine needle manipulation. This reduced the mechanical damage by allowing the 
needle to be inserted and removed with minimal lateral movement of the needle while 
inside the embryo. Compared to hand held micro injection, the micro-manipulator resulted 
in lower embryo mortality, less cytoplasm leakage and the delivery of more DNA mixture 
as judged by the blue food dye. Using the micro-manipulator for injection, hatch rates of 
embryos gradually increased, peaking at an embryo hatch rate of 79% post injection.
3.3.2 Sterile Conditions
Microinjection by its nature is a very traumatic procedure for a pre-blastoderm embryo. 
Puncturing the embryo not only causes cytoplasm leakage and reduced embryo integrity, 
but also exposes the embryo’s interior to external pathogens. Unless the microinjection 
area is sterile before proceeding, injected embryos are easily infected with fungus. 
Typically, once a single embryo was infected with fungus, adjacent embryos quickly 
became infected. The rapid spread of fungus was enough to kill 90% of the embryos 
injected during a single experiment. As a result, before transferring embryos from the mesh 
where they were laid (the major source of fungal contamination) they were sprayed with a 
2% solution of sodium hypochlorite (0.16% free Cl) to sterilise the embryos and facilitate 
removal from the mesh. Before injection the whole injection area and apparatus was wiped 
down with 80% ethanol, including the humidity chambers in which the embryos were kept
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post injection. By taking these precautions, fungal infection of embryos was totally 
eliminated.
3.3.3 Food Dye Auto-fluorescence
Food dye was originally added to injection mixtures as a way of assessing delivery and 
leakage of the DNA from the embryo. Fluorescence analysis of embryos injected with 
hsp70-pDsRed-Express-l, injection buffer and food dye showed that every embryo had 
high levels of fluorescence (figure 3.2). Further, the omission of injection buffer also 
produced high levels of fluorescence, while DNA controls in the absence of food dye 
produced no fluorescence. These results strongly suggest that the food dye was causing 
massive red auto-fluorescence masking any DsRed fluorescence that may have been 
present. As a result, the food dye was omitted from further injection mixtures as DNA 
delivery and retention within the embryo post injection had been confirmed using this 
technique.
3.3.4 Comparison of Reporter constructs 
3.3.4.1 hsp70-pDsRed-Express-l:
In an attempt to get transient DsRed expression, the pDsRed-Express-1 reporter construct 
controlled by a hsp70 promoter was injected into 20 embryos. None of the injected 
embryos showed any red fluorescence above the baseline buffer-injected control embryos 
(figure 3.3 a,b).
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Figure 3.2: Effect of food dye in injection mixture on red auto-fluorescence when 
viewed under a Leica fluorescent dissecting microscope through a “TXR” filter, a) 
Embryos injected with pDsRed-Express-1, injection buffer and blue food dye, b) 
embryos injected with pDsRed-Express-1 and injection buffer, c) embryos injected 
with pDsRed-Express-1 and food dye.
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Figure 3.3:Comparison 
of different EGFP and 
DsRed reporter
constructs with buffer 
injected controls in 
H. armigera embryos, 
a) Embryos injected 
with the hsp70 pDsRed- 
Express-1 plasmid; b) 
Embryos injected with 
injection buffer as a 
control; a,b visualised 
under a Leica 
fluorescence dissecting 
microscope through a 
TXR filter, c) Embryos 
injected with
pBac[3xP3-EGFP af], 
d) Embryos injected 
with injection buffer; 
c,d viewed through a 
“GFP2” filter.
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33.4.2 pBac[3xP3-EGFP af]:
This construct was co-injected into embryos with the phspBac helper plasmid at 0.75pg/ul 
each. Once integrated, the 3xP3 promoter should drive expression of EGFP in the nervous 
and photoreceptor tissue of the insect, with EGFP expression being observable through the 
eyes of the transgenic caterpillars or adult moths. Forty embryos were injected with this 
construct. Two days post injection (DPI) a small number of embryos showed high levels of 
green fluorescence that illuminated the whole embryo in a very even fashion while others 
had no fluorescence at all (figure 3.3c). None of the embryos showed partial or patches of 
fluorescence, but only an “all or nothing” fluorescence phenotype was observed (figure 
3.3c,d).
33.4.3 PB[PUbnlsEGFP]:
The EGFP marker had a nuclear localisation tag for protein expression in the nucleus and 
was driven by a polyubiquitin promoter. A small portion of the injected embryos observed 
two DPI showed high levels of total embryo fluorescence, similar to that seen for the 
pBac[3xP3-EGFP af] construct (figure 3.4). A larger proportion of injected embryoes, now 
in the gastrolation stage of development, showed discrete patches of green fluorescence that 
appeared to correlate with the nucleus of cells in the embryos (figure 3.5a). The intensity 
of green fluorescence and the number of fluorescing nuclei varied from embryo to embryo, 
but was relatively constant in the nuclei of cells within the same embryo.
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3.3.4.4 pB[PUbDsRedl]:
The DsRed reporter was driven by a strong polyubiquitin promoter and was injected at 
lpg/ul. Observation of the 40 injected embryos three DPI showed many had speckled red 
fluorescence throughout most of the embryos (figure 3.5b). It appeared that this 
fluorescence was localised to individual cells within the developing embryo. Some 
embryos showed a spot of high red fluorescence at the “wound site” where they were 
injected. A similar red fluorescence was observed coming from the chorion of 
dead/damaged embryos.
Figure 3.4: Two embryos injected with pB[PUbnlsEGFP] + helper phspBac 
plasmid observed two days post injection. One embryo shows “total 
embryo auto-fluorescence” (left) while the other shows no green 
fluorescence (right).
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Figure 3.5: Comparison of embryos two or three days post injection with EGFP or 
DsRed reporter genes, each driven by a polyubiquitin promoter, and the EGFP 
construct with a nuclear localisation tag. a) Examples of three embryos injected with 
pB[PUbnlsEGFP] showing EGFP expression in the nuclei of sub-chorion cells, b) 
Embryos injected with pB[PUbDsRedl] showing patches of red fluorescence 
throughout the embryo corresponding to the cells of the developing embryo. A large 
bright red area (white arrow) is the point of needle entry into the embryo and 
represents a wound site producing high level auto-fluorescence.
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3.3.5 Embryo Survival Rates
The survival rate of microinjected embryos varied considerably depending primarily on 
technique and the flow rate of the needles. Larger bore needles typically resulted in the 
delivery of too much DNA solution, to the point where the embryos would either burst or 
the influx of DNA solution would cause the fatal efflux of cytoplasm. Analysis of hatch 
rates was performed by taking injected embryos and transferring them into 96 well plates 
containing diet. Microinjected embryos were left to hatch and scored on whether they had 
hatched or not five DPI. Early results showed that 33% (45/138) of pB[PUbnlsEGFP] 
injected embryos hatched, while 30% (6/20) of buffer injected embryos hatched. This 
suggests that embryo hatch rates were quite low, but later records showed that hatch rates 
of above 70% were regularly achieved (e.g. of 190 embryos injected in one experiment, 151 
survived (79%)).
3.3.6 Fluorescence Efficiencies
The most reliable reporter construct was pB[PUbnlsEGFP] due to its distinct bright green 
fluorescence, which was easily distinguished from auto-fluorescence, and its nuclear 
localisation which made it easily identifiable. Fluorescence efficiencies were calculated by 
dividing the total number of fluorescent embryos by the total number of living embryos 
injected. Embryos were scored as fluorescent if they had one or more nuclei fluorescing 
green. Over a period of approximately two years a total of 515 embryos were scored for 
fluorescence post injecting with pB[PUbnlsEGFP] . Of these, 162 showed at least one 
green fluorescent nucleus (31%). Fluorescence efficiency tended to vary depending on the
85
operator’s competence and level of skill. A comparison of individual sets of microinjection 
experiments over time showed a peak fluorescence frequency of between 60-70% in a 
given set of experiments. Parallel control experiments delivering injection buffer into 
embryos showed no embryos with green fluorescence (from 192 embryos).
3.3.7 Molecular Analysis
Embryos that were injected with pB[PUbnlsEGFP] and showed green fluorescence were 
collected and total RNA extracted from pools of 5 embryos. RNA was also extracted from 
a pool of 5 embryos that showed “total embryo auto-fluorescence” to determine whether 
these embryos contained EGFP transcript. cDNA was made from the total RNA and used 
in a PCR with EGFP specific and H. armigera ribosomal primers. Gel fragment analysis 
showed mitochondrial DNA was abundant and that EGFP was being expressed in the green 
fluorescent embryos. Strangely, the “total embryo auto-fluorescent” embryo cDNA 
samples produce a very weak ribosomal PCR band, but did amplify an EGFP band 
(figure 3.6). These total auto-fluorescent embryos did not develop the brown banding 
pattern typical of healthy H. armigera embryos, and never hatched.
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VTotal auto fluorescent EGFP Injection buffer embryo
embryo cDNA fluorescent embryo cDNA
cDNA
Figure 3.6: PCR to detect EGFP transgene and ribosomal DNA in 
cDNA from pB[PUbnlsEGFP] injected H. armigera embryos. 
Samples amplified with EGFP primers (E), Samples amplified with 18s 
ribosomal primers (H). Expected band sizes: E -  451bp, H -  482bp. 
The black arrow indicated 500bp.
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3.3.8 Maintenance of Transient Fluorescence
Fluorescence was monitored after embryo injection to determine peak fluorescence so that 
fluorescence efficiencies could be accurately calculated. A series of embryos were injected 
and their fluorescence frequencies recorded along with a subjective analysis of fluorescence 
intensity. The batch of injected embryos had their fluorescence frequencies scored one 
(blastoderm stage), two (Gastrolation stage) and three (organogenesis stage) DPI, which 
were found to be 22%, 45% and 17% respectively. Fluorescence intensity of individual 
embryos correlated with fluorescence frequencies, where embryos consistently had the 
highest level of fluorescence while in the gastrolation stage two DPI (figure 3.7), after 
which the intensity dropped until no longer visible five DPI (fully developed neonate pre­
hatching).
3.3.9 Fluorescence in Larvae
Approximately 700 embryos were injected with pB[PUbnlsEGFP] and a helper plasmid 
over three days. Of these, 138 embryos fluoresced green and were transferred to diet. 
Forty five of the fluorescent embryos hatched and were reared to adults. Twenty two 
individuals survived to adulthood and were backcrossed with wild type adults. The G1 
generation showed no green fluorescence in the embryos, however, upon hatching, four 
individual neonates from two different broods were identified as having moderate to high 
levels of green fluorescence (figure 3.8). These four individuals were reared to adults and 
backcrossed again, but each of them failed to mate, and thus no G2 offspring were available 
for molecular analysis.
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Figure 3.7: EGFP
fluorescence intensity 
of embryos one, two, 
and three (a,b,c) days 
post injection with 
pB [PUbnlsEGFP].
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Figure 3.8: Putative 
EGFP stable transgenic 
Gl H. armigera larvae. 
a,b,c Larvae were all 
transformed with the 
pB[PUbnlsEGFP] + 
phspBac (helper
transposase) plasmids, 
d) a control larva not 
transformed. All
viewed under mercury 
lamp illumination 
through a GFP2 filter.
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3.3.10 Stably Transformed Larvae
The identification of four putative transgenic G1 neonates with high levels of green 
fluorescence meant that backcrossing of these individuals should produce numerous G2 
larvae, some of which could be used for molecular confirmation of transgene insertion. As 
none of the putative transgenic moths reproduced there was very little tissue from which to 
extract DNA. This was compounded by the fact that moths were collected only after they 
had died (in order to give them maximum chance of mating). The poor condition of all the 
moths involved in the backcrossing, including degenerating wing scales, made it difficult to 
identify the putative transgenic moths via sex. Post mortem, all moths (including wildtype 
as they could not be distinguished) were stored at -80°C for DNA extraction. Using 
TriReagent (MRC), genomic DNA and total mRNA was extracted from six individual 
moths, two of which were putative transgenics. Genomic DNA from each sample was used 
as template for PCR amplification using EGFP primers. Control primers amplified 
mitochondrial bands from five out of six samples, indicating that the mitochondrial DNA 
was still intact, but all six samples amplified with the EGFP primers yielded no relevant 
bands. Total RNA was also extracted from the six moths and cDNA generated for PCR 
analysis. If EGFP was expressed in these moths, PCR should be sensitive enough to detect 
its presence. Again, control mitochondrial bands were amplified indicating that 
mitochondrial RNA was intact, but no EGFP bands were present, indicating a lack of EGFP 
expression. The PCR products from genomic and cDNA templates were each used as 
template in a second round of PCR to detect any EGFP template too faint to show up upon 
gel analysis. In each case further amplification failed to reveal an EGFP band.
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3.4 Discussion
In the past, the process of insect genetic transformation has involved the delivery of a 
sufficient quantity of DNA for integration into the genome of a pre-blastoderm embryo. A 
variety of different methods have been used for delivering DNA to embryos. One method, 
biolistics, has been tested here. It appears that the lack of biolistics-based transformation 
was primarily due to insufficient DNA delivery into the embryos. Microinjection 
circumvented this problem through the use of food dye to visually trace the delivery of 
DNA into the embryos and the maintenance of the DNA mixture within the embryo. This 
was a major advantage over the use of biolistics, where DNA delivery could not be 
confirmed. A major advantage of microinjection over biolistics in H. armigera was a 
decrease in embryo mortality. The success of microinjection relies heavily on the 
operator’s skill but other parameters such as needle choice, volume of liquid injected into 
embryos and the sterility of the injection conditions play an important part in reducing 
embryo survival rates.
3.4.1 Apparatus Sterilisation
The sterility of the injection conditions is an essential consideration for microinjection 
experiments. Failure to sterilise the microinjection environment exposes injected embryos 
to fungal pathogens that would nullify any advantages o f good injection technique by 
killing embryos post injection. In these experiments the used of ethanol to clean benches 
and injection apparatus, in combination with mild alkaline treatment of the embryos, 
resulted in the eradication of fungal infections where previously fungal species would 
sporadically infect and kill ~90% of injected embryos.
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3.4.2 Needle Selection
Choosing the correct needle for microinjection proved to be very important. A wide range 
of needles of different specifications were made using the Sutter needle puller (figure 3.1). 
Needles that were too slender broke too easily when trying to penetrate the tough embryo 
chorion and their small bore size made them more prone to blockage and subsequent 
breakage. At the other extreme, needles that were larger and blunter easily punctured the 
embryo chorion, but damaged the embryos, causing excessive cytoplasm leakage. While 
larger bore needles became blocked less frequently, the larger bore severely reduced the 
ability of the needle to retain the DNA solution by reducing its capillary action, resulting in 
excessive needle flow. In this case fluid flow from the needle was too high, making it very 
difficult to limit the flow of DNA solution into the embryo and causing embryos to either 
burst or lose their cytoplasm. A compromise between the two extremes, biased towards the 
more slender needles was chosen (figure 3.1, needles 5&6). The custom needles were 
slender enough to allow minimal embryo damage upon penetration, allowed good fluid 
flow, and if used carefully, did not clog or break too often. Using these needles a peak 
survival rate of 79% post injection was achieved.
3.4.3 Micromanipulator Versus Hand-held Microinjection
In order to use a microscope/micro-manipulator apparatus for microinjection, embryos must 
first be transferred to a thin piece of double sided tape on a microscope slide so that they 
can be positioned under the microscope. This process is time consuming and may be 
circumvented by injecting embryos with a hand held needle while they are attached to the 
mesh on which they were oviposited. The major drawback of this technique is that it
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required a high level of dexterity on the part of the user due to the precision required when 
injecting fragile embryos with delicate needles. A subjective comparison between the hand 
held and micro-manipulator techniques found that the extra time taken to position embryos 
on double sided tape for injection was offset by the lower number of broken needles and 
destroyed embryos.
3.4.4 Reporter Construct Delivery into Embryos 
3.4.4.1 Auto-fluorescence
Four different reporter constructs were injected into embryos, two with a DsRed reporter 
and two with an EGFP reporter. The DsRed construct with a hsp70 promoter was initially 
trialed to see if transient expression could be achieved. These embryos showed no 
significant fluorescence above the background fluorescence observed in controls. This 
indicated that the hsp70 promoter was not able to drive expression of DsRed sufficiently to 
produce visible fluorescence and that it may be weak or non-functional. Under the Leica 
“G” DsRed filter, some control embryos had a low level red auto-fluorescence coming from 
the chorion. This red colour was brighter in embryos that were badly damaged, indicating 
that the compounds produced as a wound response, in damaged or apoptotic tissue, are 
auto-fluorescent. A similar phenomenon was also observed in pB[PUbDsRedl] injected 
embryos, where the wound site at the point of injection of some embryos showed high 
levels of red fluorescence (figure 3.5b). The chorion of control embryos also showed low 
amounts of auto-fluorescence (figure 3.3b). Apart from low level auto-fluorescence, 
expression of this construct produced blurred patches of red fluorescence in some embryos,
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which may have been due to the localisation of DsRed to developing cells (figure 3.5b). If 
these fluorescing cells were present deep within the embryo, the outer translucent cells 
could have obscured their visualisation, producing a blurred appearance. It is also possible 
that the blurred fluorescence could represent a sub-structural part of the embryo such as 
vitellogenin, the major protein constituent of the yolk. Making up between 60-90% of the 
soluble proteins of the embryo (22), the vitellogenin component may produce auto- 
fluorescence in the irregular, blurred pattern observed.
3.4.4.2 Transient Expression of piggyBac Reporter Constructs
Injection of the pBac3xP3hsp70EGFP construct provided unexpected results. The artificial 
eye specific 3xP3 promoter consists of three highly conserved Pax-6 binding sites driving 
expression in larval photoreceptors (i.e. expressed in larva ocelli), and tissues of the central 
nervous system (23). As a result, expression was only expected in neonates inside the 
developing embryo. While no green fluorescence was observed in the well developed 
embryos pre-hatching, or in the emerged neonates, a significant number of embryos showed 
uniform, low level total embryo fluorescence two DPI (figure 3.3c). Through the Leica 
UGFP 2” filter this fluorescence was clearly visible, but the green colour was washed out 
indicating that it was probably not genuine EGFP fluorescence.
Injection of the pB[PUbnlsEGFP] construct produced very discrete green 
fluorescence localised only to the nuclei of individual cells (figure 3.5a). This green colour 
was very distinct and the nuclear patterning was easy to identify. These nuclei appeared to 
be positioned just beneath the chorion, likely corresponding to the outer layer of cells that
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form the blastoderm, making visualisation easy. While the frequency of expression varied 
slightly between batches of injected embryos, green fluorescent embryos were consistently 
generated. The fluorescence characteristics of this construct removed the ambiguity caused 
by auto-fluorescence when using the DsRed constructs. For these reasons the 
pB[PUbnlsEGFP] construct was used in subsequent attempts to generate stable transgenic 
lines and in transient expression assays.
Pale total-embryo fluorescence was also observed in some embryos injected with the 
pB[PUbnlsEGFP] construct. These embryos were easily distinguished from the transgenic 
embryos, and did not develop and hatch. In earlier experiments it was noted that 
unfertilised embryos appeared very white under visible light, and pale green through a GFP 
filter. While it is unlikely that these embryos were infertile, as embryos from the same 
batch were fertile, it may be the case that they arrested development post injection due to 
internal damage and that the tissue produced a level of auto-fluorescence. PCR analysis of 
the genomic DNA isolated from these embryos would not be informative as to whether the 
green fluorescence was due to EGFP expression as the reaction would also amplify from 
the plasmid template injected into the embryos. However, generating cDNA from total 
RNA and performing PCR analysis would indicate the presence of EGFP expression in 
these embryos. Five embryos expressing EGFP were pooled, their RNA extracted and used 
to make cDNA. PCR amplification using pooled cDNA template from embryos showing 
nuclear-localised EGFP fluorescence confirmed EGFP expression in these embryos, with 
strong ribosomal and EGFP bands. PCR on cDNA extracted from embryos that showed 
“total embryo” auto-fluorescence indicating that EGFP was present, but a control ribosomal 
18s band was absent. The presence of an EGFP band can only indicate that DNasel 
treatment was incomplete and that residual pB[PUbnlsEGFP] plasmid had been injected 
into the embryo was detected during PCR.
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The lack of ribosomal 18s transcripts suggested that they had been degraded. One process 
that would account for the destruction of cytoplasmic contents is autophagy, or autophagic 
cell death. Autophagy involves the vacuolarisation of cytoplasmic contents, and the 
subsequent fusion of these vacuoles with lysosomes, leading to the degradation of their 
contents. While the role of this mechanism remains unclear, one hypothesis suggests that 
autophagy facilitates the reduction of cytoplasmic constituents of mitotic, unused, starving 
or hormone-deprived cells in a bid to reduce metabolic demands and thereby conserve 
energy (24). In this instance the conservation of energy is advantageous to the cell, but the 
continued catabolism of cytoplasmic contents eventually leads to the elimination of 
ribosomal RNA, and the death of the cell. Autophagy of cytoplasmic contents in 
unfertilised or aborted embryos may result in the loss of ribosomes, explaining the lack of 
18s amplification. Furthermore, the excess of digested cellular material left in the embryo 
may produce total embryo auto-fluorescence in the same way as apoptotic wound-sites 
produce high levels of auto-fluorescence.
3.4.5 Stable Transformation
Reports of low piggyBac transformation rates, such as those seen in B. mori of 0.7-3.9% 
(6), highlights the need for a DNA delivery system that is reliable and high-throughput. In 
order to maximise the probability of generating a transgenic insect, the mortality rate of 
injected embryos must be kept at a minimum. As previously indicated, the mortality rates 
of embryos post injection is dictated by the user’s skill, type of needle used, the volume and 
rate of liquid being injected into the embryo and the sterility of the microinjection
97
environment. Over the course of many repeated micro injection experiments these 
parameters were optimised, resulting in survival rates of injected embryos up to 79%.
Thousands of embryos were injected during the microinjection optimisation period 
while attempting to generate a stable transgenic insect. A portion of the embryos injected 
with pB[PUbnlsEGFP] was analysed for EGFP expression so that a transient 
transformation frequency could be calculated. Of the 515 embryos analysed, 31 % showed 
green fluorescence of various intensities and coverage. This figure was calculated from 
injections performed over a long period of time during the optimisation and skill refining 
stage, and does not accurately represent peak expression frequencies. In some individual 
experiments transient EGFP expression frequencies were as high as 79%, making 
micro injection a highly efficient method of DNA delivery and demonstrating the high level 
of expression of the pB[PUbnlsEGFP] plasmid.
Analysis of individual embryos showed a variety of different fluorescence patterns, 
with variation in the intensity and numbers of the fluorescing nuclei within developing 
cells. The observed EGFP expression is likely due to transient expression from the injected 
plasmid rather than from the genome integrated gene. Thus, variation in the levels of green 
fluorescence is probably due to inconsistencies in the amount of DNA injected; this is 
altered by subtle differences in needle flow and embryo leakage post injection, causing 
variation among embryos within the same experiment.
Once delivered into the embryo, the plasmid is unable to replicate and cannot be
maintained. As a result, plasmids are lost over time as is the reporter gene, unless it is
integrated into the host genome via piggyBac-Xrmsposase mediated transformation. The
gradual loss of the reporter construct would result in a loss of reporter expression, which is
what was observed when analysing injected embryos over a three-four day period. Upon
injection, the pB[PUbnlsEGFP] plasmid was quick to begin producing EGFP protein, with
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the emergence of visible fluorescence as early as 12 hours post injection during a stage 
where the blastoderm is forming. After 24 hours post injection fluorescence levels were 
increasing but peaked after two days post injection likely during the early stages of 
gastrolation. All recordings of fluorescence frequency were taken two DPI when peak 
fluorescence was reached. This ensured that embryos with low EGFP expression level, 
only visible during peak fluorescence, would not be overlooked. By three days post 
injection, fluorescence levels had decreased both in frequency and notably in intensity. The 
initial influx of reporter plasmid into the embryos would have caused a spike in EGFP 
expression that lasted for two-three days due to the relatively long half life (~26 hours) of 
EGFP (25). As suggested above, the loss of visible fluorescence was probably partly due to 
plasmid loss over time, but a greater contribution was probably due to the developmental 
characteristics of the embryo affecting EGFP visualisation. Embryos were injected very 
early after being laid, at a time when the multi-nucleated embryos had not yet cellularised 
to form a blastoderm. Thus the timing of injection is critical to allow the transposon-based 
plasmids optimal access to the nuclear DNA targeted for reporter integration. The delivery 
of the plasmid to the embryo at such an early stage means that when the embryo begins to 
cellularis, each cell is likely to contain a plasmid and thus EGFP is expressed in those 
newly formed cells. During development of the blastoderm, the first cells to appear form 
around the periphery of the embryo, close to the outer surface, under the chorion. As a 
result of the positioning of these cells so close to the chorion, any EGFP produced in the 
nuclei of these cells is clearly visible. Conversely, fluorescent cells formed further from the 
surface have their fluorescence obscured by embryo yolk material and other cells. In a 
similar fashion, as the embryo develops through the gastrolation stage into organogenesis, 
the outer fluorescent cells migrate in order to form body structures and in this process their
fluorescence is increasingly obscured by other cells and neonate pigments. At the same
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time, non-integrated plasmid is being lost and fluorescence levels continue to fall until it is 
no longer visible five days post injection when the neonate is fully developed.
3.4.6 piggyBac Mobility
In order to generate a transgenic line of insects, the reporter must be integrated into the 
germ line cells of the GO parent to allow transmission of the reporter gene to the G1 
generation. To maximise chances of transforming an insect, embryos are injected 
immediately after oviposition to expose as many nuclei as possible to the transposon- 
reporter in the hope of transforming precursor germ line cells. Transient expression 
patterns in embryos give a good indication of the extent to which the piggyBac transposon 
has permeated the embryo. A portion of embryos injected with pB[PUbnlsEGFP] showed 
extensive fluorescence, with half of the embryos covered in green nuclei, of which the 
majority had a patch of approximately three to eight fluorescent nuclei. This indicates that 
nuclear exposure to the transposon is far from total and in most cases is only minimal. This 
may in part account for the low frequency of putative stable transgenic insects identified in 
the G1 generation. The low frequency of piggyBac transformation reported for other 
lepidopterans, such as 0.7-3.9% in B. mori (6), correlate with the low frequency reported 
here where two adults out of 700 injected embryos (0.3%) appeared to be stable 
transgenics.
The putative G1 moths generated in this study did not produce offspring and the 
reason for this is unclear. It is possible that the piggyBac transgene had integrated into a 
region of the genome such that it disrupted the open reading frame of a gene vital for 
reproduction. However, it is more likely that the conditions for breeding were not optimal,
100
as the mating occurred during winter when H. armigera are naturally in a state of diapause. 
Even though moths were kept in a temperature, humidity and light controlled environment, 
rearing moths during this season is generally more difficult, with fewer fertile embryos 
being produced even by wildtype stocks. The failure of the moths to produce offspring 
meant that there was insufficient DNA for Southern blot analysis to determine whether 
these insects were in fact transgenic, and whether multiple copies were present and whether 
integration was stable.
The low frequency of stable transformation reported here is unlikely to be a result of 
piggyBac immobility. Rather it is probably due to difficulties in visualisation of the 
integrated EGFP reporter. For the reporter to be transcriptionally active it must be inserted 
into an actively transcribed part of the genome. As suggested by Tamura et al. (2000), 
many single or multiple integration events might have been overlooked simply due to their 
insertion into dormant regions (6).
The question of the stability of piggyBac within many insect species has been of
concern. Recently Zimowska and Handler 2006 reported the presence of piggyBac-Wkz
transposases in a number of lepidopterans, including H. armigera (26). While these
elements have only been identified bioinfonnatically, their transposase activity has yet to be
determined. The presence of an active endogenous transposase able to remobilise elements
would make stable transformation of H. armigera using this system very difficult, due to
movement of the element into and out of dormant, active and transcriptionally essential
regions of the genome. Such remobilisation or secondary integration of an original
insertion was illustrated by Handler et al. 1998, where new piggyBac integrations emerged
post gametogenesis in C. capitata (19). The identification of piggyBac-like elements in
B. mori has also raised concerns for the possible remobilisation of introduced piggyBac
elements, making stable transgenesis difficult (27,28). Remobilisation of piggyBac would
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not only make identification of markers like EGFP through generations difficult due to 
inconsistent fluorescence, but could also prove lethal to transgenic lines if key genes were 
disrupted by transgene movement.
3.5 Conclusion:
In the past, microinjection has been a reliable DNA delivery technique for insect 
embryos and has become the method of choice for transposon-based insect transgenesis. 
Here I have shown that this system can be successfully adapted for use with H. armigera 
embryos with relatively low mortality rates. The delivery and subsequent embryo-wide 
transient expression of a piggyBac-based EGFP reporter construct illustrates the widespread 
dispersal of the construct throughout the embryo post injection. The relatively low 
mortality rates, coupled with consistent and intense reporter expression and multiple 
putative stable integrations, further demonstrate the value of microinjection as a DNA 
delivery technique for non-model organisms such as H. armigera.
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4 Chapter 4 -  RNA interference in Helicoverpa armigera
4.1 Introduction:
Since it was first described in the mid 1990s (1,2), the phenomenon of RNAi has been 
identified in numerous species across different kingdoms. Its key roles in microRNA- 
based developmental regulation and anti-viral, anti-transposon defense have been well 
documented in recent times (3). The widespread and highly conserved nature of the RNAi 
machinery illustrates its evolutionary importance. The presence of a functional RNAi 
pathway in so many organisms has accelerated its study over the past decade. For 
researchers of non-model organisms, RNAi has provided a unique opportunity to study 
gene function where limited sequence information is available. In many organisms, 
including insects, a gene fragment of 200-500bp is all that is required to generate dsRNA 
for the initiation of an RNAi response.
The exposure of organisms to dsRNA appears to be a universal trigger for RNAi. 
Once dsRNA is delivered into a cell, it is fed into the RNAi pathway where the enzyme 
DICER binds and cleaves the dsRNA into small interfering RNAs (siRNAs) each of 21-23 
nucleotides in length. These siRNAs are then bound to a protein complex containing an 
endonuclease called argonaute (4), which form an RNA induced silencing complex (RISC). 
RISC uses the siRNA as a template to direct it to regions of homologous endogenous 
mRNA, where it then cleaves the complementary mRNA, thereby destroying the transcript 
and preventing protein production (chapter 1, figure 1.2).
RNAi has become an invaluable part of any laboratories genetic tool box as a molecular 
technique for the specific knockdown of gene expression. More recently, several reports
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have illustrated the diversity of RNAi as a molecular tool through its application in 
molecular therapeutics. In mammals, RNAi has been reported to be effective in silencing 
genes associated with HIV (5), heipes viruses (6), hepatitis B (7) and influenza A (8).
In this study, RNAi was analysed in the cotton bollworm with a view to developing it into 
an effective method of controlling this agricultural pest. By devising an effective plant- 
based delivery system for dsRNA, it should be possible to silence genes vital in the growth 
and development of this pest upon its consumption of the plant material. In addition to 
finding an appropriate delivery method for dsRNA, it is essential to choose suitable RNAi 
targets, such that when gene expression is reduced in this pest, the result is lethality, poor 
growth or sterility.
Previous studies have demonstrated that the delivery of long dsRNA into an 
organism is enough to trigger the RNAi pathway. However, several reports have suggested 
that different sizes or forms of dsRNA can vary the efficiency of silencing (9-11). As a 
result, when studying a non-model organism where RNAi techniques have not yet been 
established, the most effective method of dsRNA production and delivery must be 
elucidated. Furthermore, in vertebrates, the delivery of longer dsRNA initiates an 
interferon immune response, through the activation of dsRNA-activated protein kinase (12), 
making standard RNAi protocols ineffective. While insects and invertebrates do not 
undergo a dsRNA-triggered immune response, such technical problems in vertebrates 
illustrate the need to define the parameters and possible off-target effects of RNAi in 
unstudied organisms.
To assess RNAi efficiency and efficacy in a species without adversely affecting the
animal's viability, many researchers first attempt to silence a reporter transgene, if
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available. As reported in Chapter 3, attempts to generate a stably transformed H. armigera 
line with the piggyBac based EGFP construct have not yielded a transgenic insect for visual 
RNAi trials. As a result, other means of demonstrating RNAi in this pest insect were 
required. Previous work reported here (section 3.3.6) showed that the EGFP reporter could 
be transiently expressed in a reliable manner in H. armigera embryos. In this study I have 
used EGFP as a visual target for silencing to demonstrate functional RNAi machinery in 
H. armigera embryos. By co-injecting an EGFP reporter construct with different forms of 
dsRNA into these embryos, I aimed to determine which form is the most effective at 
silencing transient EGFP expression. By establishing a successful transient RNAi assay, 
further steps could be taken to silence genes that are vital for the cotton bollworm to 
survive.
A report by Turner et al. (2006) indicated that dsRNA could be orally delivered to 
light brown apple moth larvae in order to trigger gene specific RNAi (13). In light of these 
results, dsRNA was generated for six endogenous H. armigera genes, homologues of which 
have the following phenotypes when knocked down:
■ Chitin synthase (CHS): A combination of cuticular and midgut CHS silencing 
should result in similar phenotypes listed below.
o Cuticular CHS (1156R): RNAi of Cuticular expressed CHS in 
T. castaneum (TcCHSl) disrupts larval-larval, larval-pupal, pupal-adult 
moults and reduces whole body chitin content (14). 
o Midgut CHS (1156R3): RNAi of midgut expressed CHS in T. castaneum 
(TcCHS2) causes cessation of feeding, reduced larval size and mid-gut 
chitin content (14).
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■ Juvenile hormone esterase (JHE): in H. virescens, virus mediated knockdown of 
JHE in H. virescens causes abnormal larval-pupa transition with aberrant pupa 
formation (15).
■ Ultraspiracle (USP): in Drosophila, USP mutants have disrupted larval-pupa 
transition characterised by a failure of larval midgut and salivary gland programmed 
cell death and a failure of the adult midgut to form (16).
■ Ecdysone receptor (EcR): mutation of EcR in Drosophila results in defective 
larval moulting, and metamorphosis causing mid-pupa arrest, defective larval tissue 
cell death and adult leg formation (17).
Knockdown of these vital developmental genes would be expected to have obvious 
phenotypic effects ranging from slowed growth and developmental abnormalities to death.
By silencing a variety of genes thought to be vital for survival, a lethal knockdown 
might be identified which would provide a starting point for the development of a species- 
specific insect pest control method. Furthermore, this study looked at the feasibility of 
triggering RNAi via the oral delivery of dsRNA to larvae, a method of delivery analogous 
to that of natural larval feeding.
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4.2 Methods:
4.2.1 dsRNA and siRNA Production:
Primers (appendix 4.1) were designed to amplify a ~500bp region of each of the candidate 
genes for silencing (appendix 4.2). Gene fragments were PCR amplified and cloned into 
pGEM-T-Easy (Promega) following the manufacturer’s instructions. Once ligated into 
pGEM-T-Easy, the vector was transformed by electroporation into DHlOß cells and plated 
on LB ampicillin selective plates. PCR colony screening confirmed the correct size inserts 
in the multiple cloning site of pGEM-T-Easy (Promega) (see appendix 4.3 for primer 
sequences). Cells were selectively liquid cultured and plasmids isolated using a 
commercial mini-prep kit (Invitrogen). pGEM-T-Easy containing gene fragments and the 
pL4440 vector plasmid (appendix 4.4) DNA were digested separately with Pstl and Sadi 
restriction enzymes, resolved on a 1% agarose gel after which appropriate restriction 
fragments were excised and gel purified with an Eppendorf gel purification kit. A ligation 
reaction was performed between each of the gene fragments and the digested pL4440 
vector. Recombinant plasmids were colony screened and isolated as described above 
(see appendix 4.3 for pL4440 primer sequences). Inserts were sequenced to confirm the 
correct fragment had been inserted.
An Ambion silencer siRNA cocktail kit was used for the production of dsRNA and 
siRNA. Using the two inverted T7 promoters flanking the multiple cloning site in the 
pL4440 vector, T7 RNA polymerase was used to produce single stranded sense and 
antisense RNAs that were subsequently hybridised to produce dsRNA. RNaselll digested 
siRNA (RsiRNA) were produced through RNaselll digestions of the dsRNA following the 
Ambion kit instructions. DICER-digested siRNAs (DsiRNAs) were generated by
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incubating the dsRNA with Turbo-DICER (Genlantis) following the manufacturer’s 
instructions.
4.2.2 dsRNA Embryo Injection:
dsRNA or siRNAs (final concentration 200ng/pl) were mixed with pB[PUbnlsEGFP] (final 
concentration lpg/pl), 5x injection buffer (250mM KC1, 5mM sodium phosphate, pH6.8), 
and an appropriate amount of nuclease-free water. The injection mixture (~5pl) was loaded 
into a microinjection needle, and the 50-100nl dsRNA solution injected into preblastoderm 
embryos as described in section 3.2.4. After injection embryos were allowed to recover as 
described in section 3.2.5, and EGFP fluorescence anaylsis 2 DPI performed as described in 
section 3.2.6. The intensity of EGFP fluorescence in the nuclei of each set of injected 
embryos were given a relative subjective rating on a sliding scale 1-4, where 1 indicated a 
level of fluorescence that was barely observable and 4 indicated very high levels of 
saturating EGFP fluorescence.
4.2.3 Caterpillar Rearing:
Caterpillars were reared in plastic trays with wells ~3cm2 containing soya diet (see section 
2.2.3). Wells were sealed with adhesive mylar sheeting and a pin was used to puncture four 
small ventilation holes in the sheeting above each well. Trays of larvae were stacked on top 
of each other with wire mesh separating each tray to prevent larvae escape. These trays 
were kept at 25°C with an 8-16 hour dark-light period.
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4.2.4 dsRNA Caterpillar Feeding:
Neonate dsRNA feeding cocktails were made by mixing 4pl dsRNA in elution solution 
(final concentration of 300ng/gl) with lpl green food dye (containing tartrazine and 
brilliant blue FCF) to track the ingestion of the solution in neonates. Then 5 pi of this 
mixture was spotted under the lid inside a 1.5ml Eppendorf tube containing 10-15 newly 
hatched neonates that had been starved for ~6 hours. Neonates were allowed to feed for 1-2 
hours, after which, larvae with green food dye in their gut were taken for further analysis.
4.2.5 RNA Extraction:
RNA was extracted from embryos and neonates using TriReagent (Molecular Research 
Center) where the recommended volumes were scaled down to suit the small tissue volume. 
Either one neonate or pools of ten embryos were used in each RNA extraction. Neonate 
tissue was stored at -80°C and later transferred into 0.2 ml tubes and ground using a sterile 
toothpick. RNA extraction was performed using the manufacturer’s instructions except 
reagent volumes were scaled down 15x as neonates and embryos each have a maximum 
weight of 5mg. (The recommended volume for RNA extraction in the protocol is for 50 
100mg of tissue).
4.2.6 cDNA Production:
All mRNA samples were DNase 1 treated to remove contaminating genomic DNA. DNase 1 
treatment was carried out as per the manufacturer's instructions (Invitrogen), whereby 
1 unit of DNase 1 was used per 1 pig of mRNA and deactivated with EDTA (2.5mM) and 
heating at 65°C for 10 minutes. DNase 1 treated RNA (500ng) was used directly in a
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reverse transcription reaction to produce cDNA using an Invitrogen Superscript III RT Kit 
(a component of the SYBR GreenER 2-step qRT-PCR kit) following the manufacturer’s 
instructions.
4.2.7 Quantitative Real-Time PCR:
Primers for quantitative real-time PCR (qRT-PCR) were designed across the predicted 
boundary of the region silenced via RNAi (See appendix 4.5 and 4.6 for primer sequences 
and target sequences). Primers were designed using Primer Express software 
(version 2.0.0) to contain a GC content between 20-80%, no runs of four or more Gs, a Tm 
of 58-60°C, ~18bp in length and amplify a product of less than 150bp. 
qRT-PCR was carried out using the SYBR GreenER 2-step qRT-PCR kit following the 
manufacturer’s instructions. Two qRT-PCR master mixes were set up using half the 
reaction volumes stated in the manufacturer’s instructions and contained SYBR GreenER 
qPCR Supermix, water and either EGFP or GAPDH forward and reverse primers. The 
master mix was dispensed into a 96 well plate (BioRad) using a Biomek 3000 (Beckman 
Coulter) followed by the manual addition of 1:10 diluted cDNA (diluted in nuclease-free 
water) produced in section 4.2.6.
The reactions for each sample were set up in triplicate to account for variation caused by
technical equipment (e.g. pipetting errors), and the amplification of each sample was
conducted with the EGFP and GAPDH primer sets. The following protocol was used to
run the PCR on an ABI Prism 7000 Sequence Detection System:
50°C for 2 min 
95°C for 10 min
40 cycles of:
95°C 15 min 
58°C 60 sec
Melting/dissociation analysis was also performed after the 40 cycles.
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4.3 Results:
4.3.1 Transient RNAi Assay
The silencing of a reporter such as EGFP has been the method of choice to demonstrate 
RNAi in a new organism, providing a non-lethal, visual illustration of gene knockdown. 
As reported in chapter 3, efficient transient expression of EGFP in H. armigera embryos 
after microinjection with pB[PUbnlsEGFP] has provided a method of demonstrating RNAi 
in a transient manner.
Pre-blastoderm embryos were co-injected with pB[PUbnlsEGFP] (in the absence of 
a transposase helper) and dsRNA, RNaselll-derived siRNAs (Ambion) or Turbo DICER- 
derived siRNAs (Genlantis). As a reference control some embryos were injected with 
pB[PUbnlsEGFP] alone to establish a base level of EGFP expression. As controls for any 
off-target effect of non-EGFP dsRNAs on EGFP expression, embryos were co-injected 
with pB[PUbnlsEGFP] and either dsRNA or siRNA against the ATPaseA gene (previously 
found to have no growth or phenotypic effect, data not shown). After injection, embryos 
were allowed to recover for two days in an oxygen rich environment at 25°C to allow EGFP 
expression to reach its maximum. Two DPI, embryos were analysed under a fluorescence 
microscope and embryos from each treatment were scored for the presence or absence of 
nuclear localised EGFP expression (figure 4.1). The intensity of fluorescence compared to 
controls was subjectively rated on an increasing fluorescence scale 1-5.
Three repeated co-injection experiments were performed. Figure 4.1 shows a 
representative embryo sample from each co-injection treatments. Fluorescence frequency 
data collected two DPI is summarised in table 4.1 and qRT-PCR data in figure 4.2 and table 
4.2.
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Frequency of EGFP Fluorescence in Co-injected Embryos
Treatm ent Exp.1 Exp.2 Exp.3 Total Average Range
pB[PUbnlsEGFP] 44/67 47/95 42/98 133/260 51% 23%
dsATPaseA 14/24 35/93 8/23 57/140 40% 24%
RsiATPaseA 8/20 50/65 10/23 68/108 62% 37%
DsiATPaseA - 19/25 3/9 22/34 64% 43%
dsEGFP 19/79 19/43 2/107 40/229 17% 42%
RsiEGFP 35/70 31/60 1/26 67/156 42% 48%
DsiEGFP - 6/64 0/61 6/125 4% 9%
Injection Buffer 0/51 0/54 0/19 0/124 0% 0%
Table 4.1: Frequency of EGFP expression in embryos co-injected with
pB[PUbnlsEGFP] and a specific treatment. Data from three experiments (Exp. 1,2,3) are 
represented as: number of embryos showing EGFP fluorescence/ total number of viable 
embryos post screened. (- indicated no data were collected).
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Figure 4.2: Real time PCR results from a) experiment 
2 and b) experiment 3, showing average expression of 
EGFP in embryos two days post co-injection with 
pB[PUbnlsEGFP] and various forms of dsRNA. 
Expression levels shown are relative to those injected 
with pB[PUbnlsEGFP] alone.
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EGFP Transcript Knockdown with Different dsRNA
T re a tm e n t E xp .2 E x p .3
d sA T P a se A N K O 85%
R s iA T P a se A N K O N K O
D s iA T P a se A - 70%
d sE G F P N K O 28%
R siE G F P 68% 80%
D s iE G F P 60% 83%
In jec tion  B u ffe r NE NE
Table 4.2: qRT-PCR results indicating percentage knock down of EGFP expression in 
embryos co-injected with pB[PUbnlsEGFP] and a specific RNAi treatment. All knock 
down values are in comparison to base-line EGFP expression of pB[PUbnlsEGFP] 
injected embryos. NKO -  no knock down observed, NE -  no EGFP expression.
119
4.3.1.1 Experiment 1:
Embryos injected with pB[PUbnlsEGFP] showed a baseline frequency of EGFP expression 
comparable to that previously observed, with 66% of co-injected embryos containing one or 
more fluorescing nuclei. The baseline level of fluorescence for pB[PUbnlsEGFP] controls 
was given an intensity rating of 4. Co-injection with RsiRNA against EGFP had 
fluorescence frequency comparable to pB[PUbnlsEGFP] controls, with no observed change 
in the intensity of fluorescence. Co-injection with dsRNA against EGFP resulted in a 
significant decrease in fluorescence frequency to 24% and of those embryos that produced 
fluorescence, the intensity was much lower than that seen in controls, with an intensity 
rating of 1. No fluorescence was observed in any embryos injected with injection buffer 
alone (i.e. a no DNA control). Embryos co-injected with pB[PUbnlsEGFP] and non­
specific dsRNA or RsiRNA against ATPaseA, showed fluorescence frequencies of 58% 
and 40% respectively, and an intensity ratings of 4.
4.3.1.2 Experiment 2:
Co-injection experiments were repeated eight months later to provide more samples for 
statistical analysis. In addition to the previously used dsRNA and RsiRNA against EGFP, 
DICER derived DsiRNA against EGFP and ATPaseA were also tested. It was noted that, 
due to the eight month gap between injections, embryo mortality rates were slightly higher 
and fluorescence frequencies in controls were reduced. Baseline level EGFP frequencies 
recorded two DPI with pB[PUbnlsEGFP] plasmid was 49%, intensity rating 4. Injection 
buffer negative controls continued to show no sign of fluorescence in the embryos. 
Co-injection of embryos with dsRNA and siRNA against EGFP resulted in EGFP 
frequencies of 44% and 51% respectively and equal intensity rating of 3. Co-injection with
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control dsRNA and siRNA against ATPaseA had fluorescence frequencies of 38% and 78% 
respectively and an equal intensity rating of 4. Co-injection with DICER derived siRNAs 
against EGFP and ATPaseA gave fluorescence frequencies of 9% and 76% and intensity 
ratings 2 and 4 respectively.
A representative sample of five embryos from each of these co-injected batches was 
stored at -80°C and later RNA extracted, DNasel treated and precipitated, followed by 
cDNA synthesis for real time analysis (sections 4.2.5 -4.2.7). Before real time PCR could 
be used to assess RNAi in co-injected embryos, EGFP and control GAPDF1 primer sets 
were tested for consistency in amplification efficiency. A template dilution series (1:10, 
1:100, 1:1000) was set up, in triplicate, for cDNA generated from pB[PUbnlsEGFP] 
injected embryos, using each of the primer sets. Real time analysis was performed, and the 
Ct values for each primer plotted against the log of the dilution. This plot showed that the 
EGFP and GAPDH primers sets gave an equally linear increase in Ct with each dilution, 
indicating similar amplification efficiency (data not shown).
Seven sets of qRT-PCR reactions were set up, one for each of the five RNAi 
treatments (with the absence of DICER siATPaseA co-injected cDNA), one as a reference 
from embryos injected with pB[PUbnlsEGFP] and one no-template negative control. For 
each set of reactions, cDNA stocks were diluted 1:10 and reactions performed in triplicate 
for each of the EGFP specific and internal reference GAPDH primer sets. This design was 
duplicated using a second set of cDNA samples obtained from a second set of co-injected 
embryos. A dissociation curve was plotted to establish if amplification products were pure, 
allowing non-specific amplification data to be discarded. EGFP Ct data were normalised 
using the GAPDH internal reference Ct values, followed by comparison of RNAi treated 
EGFP ACt values to the pB[PUbnlsEGFP] reference.
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When compared to the pB[PUbnlsEGFP] control, RsiRNA and DsiRNA showed 
68% and 60% knock down of EGFP expression respectively (figure 4.2). Unexpectedly 
dsRNA did not knock down EGFP expression at all. Analysis of the dsRNA and siRNA 
ATPaseA non-EGFP controls also showed no EGFP knockdown (summarised in table 4.2).
4.3.1.3 Experiment 3:
A third repeat of co-injection experiments was performed with fresh dsRNA/siRNAs and 
pB[PUbnlsEGFP] plasmid. All three RNAi treatments against EGFP (dsRNA, RsiRNA 
and DsiRNA) showed extremely low fluorescence frequencies with intensity ratings of 2. 
While only a small number of co-injections were performed for the ATPaseA controls, data 
showed fluorescence frequency and intensity rating comparable to the pB[PUbnlsEGFP] 
base levels. Negative controls with injection buffer showed no fluorescence.
Similar to the previous experiment, RNaselll and DICER derived siRNAs against EGFP 
showed the largest knockdown, with an 80% and 83% reduction in EGFP expression, 
respectively, when compared to baseline EGFP expression (Figure 4.2). A 28% reduction 
in EGFP expression was recorded for dsRNA co-injection. While co-injection of RsiRNA 
for ATPaseA had expression levels comparable to the pB[PUbnlsEGFP] base expression, 
dsRNA and DsiRNAs ATPaseA samples showed very low EGFP expression. These 
unexpected control results might have been due to the low number of embryos injected, 
resulting in high sampling error (i.e. a high proportion of embryos lacking EGFP 
expression were chosen for real time analysis).
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4.3.2 Silencing Endogenous Genes by Larval Feeding
Newly hatched neonates that had been starved of food and water since hatching were put in 
an Eppendorf tube with a single drop of dsRNA mixed with green food dye (section 4.2.4). 
Four negative controls were also set up where neonates were fed a mixture of either dsRNA 
for non-endogenous EGFP, milliQ water, nuclease free water (Ambion) or elution solution 
(Ambion siRNA cocktail kit) mixed with green food dye. Neonates were left to drink the 
solution for 1 -2 hours after which individuals that contained green food dye, and had thus 
taken up dsRNAs, were taken and transferred to fresh H. armigera diet.
Two days post feeding (DPF), a sample of 1st instar larvae fed with each of the different 
dsRNA were snap frozen and stored at -80°C. RNA was extracted from these samples and 
cDNA produced for real time analysis.
The remaining dsRNA fed larvae that were not frozen were reared for 16 DPF so 
that any lethal or developmental phenotypes could be identified.
After 16 days, each set of dsRNA fed larvae was scored for lethality, weight and 
pupation frequency (table 4.3). An RNA clean up column containing elution solution (ES) 
was used to elute dsRNA for feeding experiments. Therefore, all comparisons were 
performed relative to the ES fed larvae to account for any effects of the ES.
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Developmental Characteristics of Larva 16 DPF on RNAi Cocktails
Treatm ent Larvae W eight 
(mg)
Death Rate  
A verage Range
Pupation Rate
MilliQ H20 181±31 n=24 36% n=38 38% 78%
Elution Solution 245±38 n=18 25% n=17 0% 58%
Ambion H20 271±36 n=13 28% n=18 22% 100%
dsEGFP 370±20 n=13 46% n=13 5% 83%
dsCHS 269±34 n=17 38% n=22 32% 71%
ds1156R3 289±34 n=17 46% n=18 70% 60%
ds1156R 266±35 n=18 53% n=30 31% 100%
dsJHE 346±37 n=14 25% n=14 20% 75%
dsLISP 266±34 n=18 13% n=21 10% 80%
dsEcR 241±33 n=21 51% n=31 67% 67%
Table 4.3: Developmental characteristics of sets of H. armigera larvae 16 days post 
feeding (DPF) with various dsRNA treatments. Larvae weight is expressed in mg, with 
the standard error, n -  number of samples observed.
Weight, death rates and pupation rates, scored 16 DPF, were the three characteristics used 
to gauge developmental abnormalities; data for these indicators were recorded 16 DPF. 
Average larval weights were quite variable, ranging from 181mg for milliQ fed larvae to 
370mg for dsEGFP fed (table 4.3). Comparison of dsRNA fed larvae to the ES fed controls 
showed that all but one had an average weight greater than the control. Only the average 
weight of dsEcR fed larvae was slightly lower than the ES such that statistical error could 
account for the subtle 4mg difference. Most average weight results for dsRNA fed samples 
were not more than 20% greater than the ES control, except for dsEGFP and dsJHE fed 
samples which were up to 51% heavier than the ES control.
Rates of pupation were variable, ranging from 100% to 58% pupation 16 DPF. 
Comparisons of dsRNA fed larvae with ES controls showed that no samples had a pupation 
rate lower than the ES control.
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Death rates were recorded to determine if any of the dsRNAs had a significant lethal effect. 
All larval deaths occurred during the neonate, or early 1st instars stages, two to three DPF. 
Significant variation was observed between death rates of ES, Ambion and milliQ water 
controls, recorded at 25%, 28% and 36% respectively. Except for dsJHE and dsUSP, all 
samples had average death rates higher than the ES controls by up to 28%.
During the 16 days of growth post feeding, the phenotypes of dsRNA fed larvae were 
compared to those fed with ES and water controls. While growth rates seemed to vary in 
both dsRNA and water fed individuals, no abnormal phenotypes, such as moulting or 
structural defects, were observed in any of the dsRNA fed larvae.
Larvae frozen two DPF had their RNA extracted, DNasel treated and cDNA generated for 
real time analysis. Six sets of reactions were set up, one for each of the six RNAi 
treatments. For each set of reactions, cDNA stocks were diluted 1:10 and reactions 
performed in triplicate for each of the gene specific primers used and internal reference 
GAPDH primer sets. Each of the RNAi treated samples was compared to a non-RNAi fed 
larval cDNA sample, which was amplified with the same primer sets and also normalised to 
GAPDH. A dissociation curve was plotted to establish that amplification products were 
pure, and non-specific amplification data were discarded. Gene specific expression data 
were normalised using the GAPDH internal reference values followed by a comparison of 
RNAi treated values to the non-fed reference.
Comparison of each of the six different dsRNA fed samples to the reference samples 
revealed that no gene specific knockdown was observed. All calculated values did not 
significantly deviate from the reference value and in each case the dsRNA treated samples 
had slightly higher expression for their respective gene when compared to reference 
samples.
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4.4 Discussion:
The action of RNAi in many organisms has been demonstrated through the silencing of 
visual reporter genes. In the absence of a stable transgenic line of H. armigera, this study 
has demonstrated knockdown of EGFP expression in a transient expression assay. 
Quan et al. (2002) reported a similar expression assay, injecting B. mori pre-blastoderm 
embryos with dsRNA for the white gene (18). dsRNA delivery triggered gene-specific 
knockdown of white, producing embryos that lacked pigment. In a similar manner, this 
study has demonstrated that the co-injection of H. armigera pre-blastoderm embryos, with 
an EGFP construct and dsRNA targeting EGFP, can transiently silence EGFP expression.
4.4.1 Transient RNAi Assay
4.4.1.1 siRNA as an RNAi Trigger
The microinjection of the pB[PUbnlsEGFP] plasmid into pre-blastoderm H. armigera 
embryos has proven to be a highly efficient method of producing transient expression. This 
technique has consistently produced fluorescence frequencies of more than 60% 
(section 3.3.6). A transient assay was performed in which the fluorescence of embryos co­
injected with pB[PUbnlsEGFP] and various forms of dsRNA was compared to embryos 
injected with pB[PUbnlsEGFP] as a positive control, thus providing an assessment of 
EGFP knockdown.
Three forms of dsRNA were tested in the transient assay for their silencing efficiency 
1) longer (~500bp) dsRNA, 2) RNaselll digested siRNA (RsiRNA) and 3) Turbo DICER 
digested siRNA (DsiRNA).
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Comparison of the average fluorescence frequency of both types of siRNA co-injected 
embryos showed large variation, from frequencies of 42% (range of 48%) for RsiEGFP 
treatment (comparable to controls) down to 4% (range of 9%) for DsiEGFP treatment 
(table 4.1). It would appear that the different methods of processing dsRNA into siRNA, 
and subsequently how these RNAs enter the RNAi pathway, has a substantial effect on 
silencing efficiency. Turbo DICER (Genlantis) is known to process 95% of dsRNA into 
22bp siRNAs with 3' di-nucleotide overhangs, 5'-phosphate and 3'-hydroxyl termini. 
RNaselll (Ambion) produces siRNAs with identical ends to those generated by DICER 
digestion, but it produces a pool of siRNAs ranging in size from ~12-15bp in length (19). 
It is widely reported that, in vivo, dsRNAs that enter a cell are cleaved by DICER into 
siRNAs 21-23bp in length. These siRNAs then bind the RISC complex to guide subsequent 
mRNA degradation. DICER is one of the most functionally conserved components of the 
RNAi pathway, producing siRNAs of a highly specific length, ready for incorporation into 
RISC. Results observed in this transient assay suggest that the smaller 12-15bp siRNAs, 
generated by RNaselll, might not enter into the RNAi pathway. These RsiRNAs may bind 
poorly to the RISC complex, reducing the capacity of siRNAs to guide RISC-based 
degradation of homologous mRNA transcripts.
4.4.1.2 Quantitative RT-PCR
Fluorescence frequency data indicate DsiEGFP had a greater observable knockdown effect 
than RsiEGFP (table 4.1). However, quantitative real time PCR data indicated that EGFP 
transcript levels for each of these treatments were comparable across the two experiments 
(table 4.2). If RsiRNAs are simply inefficient initiators of silencing genes, upon 
co-injection, the EGFP plasmid might have time to produce sufficient, visible protein
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before a full RNAi response against the transcript could be initiated. This EGFP protein 
may then linger in the cell, remaining visible for an extended period due to its half life of 
~26 hours (20). Residual EGFP protein may still be visible upon observation two DPI, and 
while EGFP protein may still be present, corresponding mRNA may be degraded. One way 
to test this hypothesis would be to use a form of GFP with a higher turnover rate and 
shorter half life, such as the variants generated by Deichsel et al. (1999) for use in 
Dictyostelium discoideum, with half lives as short as 30min (21).
4.4.1.3 dsRNA as an RNAi Trigger
The most dramatic EGFP knockdown was recorded in embryos co-injected with dsEGFP, 
resulting in reduced fluorescence frequency (table 4.1) and more notably reduced 
fluorescence intensity (figure 4.1). Variable results were recorded upon repeating this 
experiment, with fluorescence frequency ranging from 2% to 44% with an average of 17% 
(table 4.1). The fluorescence frequency of 44% that was recorded in the second experiment 
was most likely due to degraded dsRNA stocks. qRT-PCR data from the second 
experiment also showed little knockdown upon dsEGFP co-injection (table 4.2). This 
suggests that dsEGFP delivery was poor or that RNase contamination destroyed the 
dsEGFP before injection. Flowever, fluorescence frequencies and qRT-CPR data from the 
third experiment, where fresh dsEGFP was used, showed high levels of EGFP silencing. 
The dramatic decrease in EGFP fluorescence frequency, transcript levels and fluorescence 
intensity of visual EGFP, strongly suggest that dsRNA is a very effective trigger of RNAi. 
Its success may be attributed to the prompt and precise processing of longer dsRNA into 
optimally sized siRNAs for efficient guidance of RISC-based mRNA degradation.
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As previously suggested, for efficient RNAi to be triggered, a specific form or size of 
siRNA may be required. If this hypothesis is correct, the introduction of dsRNA should be 
more effective at triggering RNAi than in vitro digested RsiRNA. In this case, the 
endogenous DICER could process dsRNA into siRNAs of the exact form required for 
RNAi in this insect. However, it appears that delivery of DsiRNAs circumvents the need 
for DICER digestion of dsRNA immediately after injection. If in vitro generated DsiRNAs 
have the correct size requirements to act as an efficient RISC guide, then DsiRNAs could 
initiate EGFP transcript degradation more quickly than dsRNA, hence explaining the lower 
EGFP fluorescence frequencies and slightly lower EGFP transcript levels observed.
In this study, a transient RNAi assay has demonstrated that the delivery of dsRNA 
and siRNA into H. armigera embryos does not completely silence EGFP expression, but 
effectively reduces transcript levels by up to 83% (table 4.2). Furthermore, a dramatic 
decrease in EGFP fluorescence intensity occurred in co-injected embryos, further 
illustrating the knockdown rather than the knockout effect of RNAi.
Collectively, data from transient assays demonstrate the activity of RNAi in H. armigera 
(via the delivery of dsRNA, DsiRNA or RsiRNA) allowing the highly efficient and targeted 
knockdown of the EGFP reporter gene.
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4.4.2 dsRNA Feeding
Timmons et al. (2001) reported a novel method of initiating RNAi in C. elegans through 
feeding transgenic bacteria that produced dsRNA specific to C. elegans genes (22). In the 
recent past, reports have emerged describing the effective knockdown of specific genes 
through feeding dsRNA cocktails to insects. Reports in the light brown apple moth, 
Epiphyas postvittana (13), and Rhodnius prolixus (23) have made this technique very 
appealing to researchers with a focus on using RNAi as an insect control measure.
In this study dsRNAs for six different H. armigera genes were fed to neonates and 
phenotypic characteristics recorded 16 DPF as an indicator of larval development.
The overwhelming trend indicated that feeding dsRNA for any of the six genes had no ill 
effects on the development of the larvae. Larval weights recorded 16 DPF were highly 
variable, with ES and dsEGFP controls averaging 181±31mg and 370±20mg respectively 
(table 4.3). Generally all other average weights for dsRNA fed larvae fell between these 
control figures. Similarly, death rates for ES and dsEGFP controls ranged from 25% to 
46% respectively (table 4.3), where all but two of the dsRNA fed samples fell within this 
range. While the dsCHS and dsEcR death rates were slightly higher than the dsEGFP 
control (7% and 5% respectively), the high variability indicated these observations were not 
significant. Moreover, morphological observations could not identify any abnormalities in 
any of the dsRNA fed individuals when compared to controls.
These finding are further supported by qRT-PCR data from the analysis of larval samples 
two DPF. These results showed that none of the six dsRNAs tested had any knockdown 
effect on their corresponding genes when compared to relevant controls.
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4.4.2.1 Lack of RNAi in dsRNA Fed Larvae
It appears that oral delivery of dsRNA is not effective in triggering systemic RNAi in 
H. armigera neonates using the parameters outlined in this study. Oral dsRNA delivery has 
been demonstrated as an RNAi trigger in organisms like C. elegans, and while it has been 
demonstrated that transient RNAi is functional in H. armigera, it seems that oral delivery 
and systemic RNAi are problematic. If any dsRNA was able to be taken up by midgut 
cells, systemic RNAi mechanisms should take over, silencing the specific gene throughout 
the whole insect. This type of systemic spread has been observed in the light brown apple 
moth, where feeding larvae dsRNA resulted in gene specific knockdown in the gut and in 
distant tissue in adult antennae (13). The success of dsRNA feeding in the light brown 
apple moth might be due to the larger quantity of dsRNA being delivered. For example, 
each light brown apple moth third instar larvae were fed 1 pg of dsRNA, where in this study 
H. armigera neonates were fed dsRNA at a concentration of 300ng/pl, and consumed an 
estimated maximum of 150ng. While the quantity of dsRNA delivered in each case might 
be proportional to the weight of the larvae being fed, a critical quantity of dsRNA, not 
reached in this study, may be required to initiate RNAi in neonates.
The lack of silencing in H. armigera dsRNA feeding indicates that the dsRNA is probably 
not taken up by gut cells. The diverse diet of many lepidopteran larvae has contributed to 
the evolution of a multitude of defense mechanisms in the gut, from high pH, an array of 
hydrolytic enzymes, and a peritrophic membrane, to the probable presence of RNases. 
These mechanisms make it probable that the delivery of a small amount of dsRNA into the 
gut would have no effect on the insect due to dsRNA degradation before it is taken up into 
gut cells. Persistent RNAi in dsRNA-bacteria fed C. elegans appears to rely on the 
protection of the dsRNA inside bacterial cells until ingestion, and the continuous feeding
131
(i.e. high volume of dsRNA intake) of worms on transgenic bacteria (22). Similarly, the 
problem of dsRNA degradation in H. armigera may be circumvented by delivering higher 
quantities of dsRNA or by packaging dsRNA to protect it from degradation before it can 
gain access to gut cells. Initiation of RNAi via oral delivery might not be self perpetuating, 
requiring multiple exposures or continuous larval feeding on dsRNA to overwhelm gut 
defenses and allow dsRNA access to the gut cells.
Additional work to trace dsRNA movement could be undertaken such as tracking radio- 
labeled dsRNA uptake to verify that gut cells are capable of taking up dsRNA. 
Furthermore, the action of endocytic dsRNA uptake, similar to that seen in Drosophila 
(24,25), or the presence of a transporter like SID-1 in the gut, would be a good indicator 
that these cells are capable of dsRNA uptake and thus that an RNAi-based feeding 
approach is feasible.
The success of the transient RNAi assays (section 4.3.1) prompts future experiments to 
microinject H. armigera embryos with dsRNAs for the endogenous genes listed in table 
4.3. This experiment might indicate if these genes are susceptibility to RNAi and further 
analysis of larva would shed light on the persistence and spread of the silencing signal in 
this insect. Furthermore, if endogenous genes can be silenced via microinjection-based 
delivery, phenotypic effects could be characterised to identify possible targets for an RNAi 
control method.
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4.5 Conclusion:
In this study, I have demonstrated, through transient RNAi assays, that the delivery of 
dsRNA into H. armigera embryos is sufficient to trigger gene specific knockdown. While 
the three forms of dsRNA, namely longer dsRNA, RsiRNA and DsiRNA, had varying 
visual and quantitative levels of knockdown, delivery of all three forms reduced EGFP 
expression. Collectively these results confirm that the RNAi pathway is functional in 
H. armigera and that it can be triggered by microinjection delivery of dsRNA into pre­
blastoderm embryos.
Oral delivery of dsRNA to neonate larvae to silence critical developmental genes failed to 
show any phenotypic abnormalities. Quantitative analysis confirmed that oral delivery did 
not trigger RNAi, perhaps due to the adverse physiological conditions of the insect gut that 
destroyed dsRNA before its uptake into cells.
This study has demonstrated functional RNAi in a new insect, further bolstering the 
molecular tools available for use in H. armigera, providing a powerful method for 
functional analysis and possible biological control.
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5 Chapter 5 -  SID-1 in H. armigera
5.1 Introduction:
Over the past 15 years the biological process of RNAi has emerged as a complex and vital 
mechanism controlling gene regulation for normal cellular development. The ability of 
RNAi to silence individual genes in a very specific manner is an aspect of RNAi that has 
been widely exploited in the field of molecular biology. Silencing genes in such a targeted 
approach has provided a valuable instrument to study gene function in non-model 
organisms and has introduced a new aspect to pest control and therapeutics.
Extensive research has helped elucidate the different roles RNAi plays within different 
organisms. However, while substantial inroads have been made, the complex nature of 
RNAi means that many questions are still left unanswered.
The enigma of systemic RNAi, the spreading of the silencing signal throughout an 
organism, is a central question arising after the discovery that systemic RNAi could be 
initiated in C. elegans by soaking worms in dsRNA (1). The identification of mutant 
C. elegans that could still initiate cell-autonomous RNAi, but lacked the systemic spread of 
the silencing signal, was a large breakthrough (2). This work led to the identification of 
Systemic RNAi Deficient -  1 (sid-1), a gene encoding a transmembrane protein that 
appears to mediate dsRNA uptake into cells (2).
To date, much of the cellular machinery required for RNAi has been elucidated and 
large scale genome searches have shown that this machinery is conserved throughout 
evolution. Key components of the RNAi pathway such as DICER, RNA-dependent RNA- 
polymerase (RdRp), and the RISC component, argonaute, have been identified across all
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five eukaryotic supergroups composed of members spanning the kingdoms (3). This high 
level of conservation reinforces the evolutionary importance of RNAi and raises questions 
as to why some organisms lack specific RNAi-related proteins.
RdRp and SID-1 are known to be essential for systemic silencing in plants (4) and 
C. elegans (2) respectively. Remarkably, Drosophila does not appear to possess a 
homologue for either RdRp or SID-1. In Drosophila the lack of an RdRp was linked to the 
absence of transitive silencing (5). The absence of an RdRp prevented siRNA-primed 
amplification of dsRNA, which normally mediates the transitive silencing of regions 
upstream and downstream of the specific RNAi targeted site. In the same study by 
Roignant et al. (2003), the delivery of an inverted repeat transgene into Drosophila 
triggered cell autonomous, but not systemic, RNAi (5). These findings indicate that, with 
the correct tissue-specific promoters, this model organism could be used to silencing genes 
at a single-tissue level, providing a powerful reverse genetics tool. Similar results were 
reported by Winston et al. (2002), where SID-1 mutant C. elegans also produced cell- 
autonomous RNAi (2). Interestingly, in Drosophila, cell-autonomous RNAi, and a lack of 
systemic spread, correlate with the lack of a SID-1 homologue. Drosophila cells have been 
shown to take up dsRNA via endocytosis (6,7), and while this process mediated dsRNA 
uptake, it does not permit cell-to-cell dsRNA movement (5). The expression of the 
C. elegans SID-1 in Drosophila S2 cells by Feinberg & Hunter (2003), however, 
demonstrated that SID-1 could also mediate dsRNA movement into cells, and that it also 
plays a role in cell-to-cell dsRNA movement. This result highlights the link between 
systemic silencing and SID-1.
Previous studies have demonstrated the importance of RNAi in insects as an
important anti-viral mechanism (8). For example, in the absence of a functional RNAi
pathway, Flock house virus (FHV) becomes more pathogenic in Drosophila (9).
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Furthermore, FHV encodes an inhibitor of RNAi required for viral infection of Drosophila 
(10), strongly linking RNAi to viral immunity in insects. The absence of SID-1 and 
systemic silencing in Drosophila comes as a surprise, suggesting that alternative anti-viral 
mechanisms, such as the jak-STAT and Toll pathways (11,12), are sufficient to deal with 
viral spread.
The presence of SID-1 in an organism appears to be an indicator of the presence of 
systemic RNAi. Thus, the presence of SID-1 would not only indicate systemic RNAi, but 
would strongly suggest that RNAi is functional in that organism. Thus, SID-1 would also 
act as an indicator of RNAi within a given organism.
Homologues of C. elegans SID-1 have been demonstrated in a variety of different 
animals, including Schistocerca americana (grasshopper) (13) and Homo sapien 
(humans) (14). Examination of sequence databases has also revealed homologues for 
Mus musculus (mice), Tetraodon nigroviridis (puffer fish), Bombyx mori (silkworm), 
Apis mellifera (honey bee), Tribolium castaneum (flour beetle), Strongylcentrotus 
purpuratus (sea urchin) and Dictyostelium discoideum (slime mold). Protein sequence 
alignments of these SID-1 homologues by Dong et al. (2005) and Hunter et al. (2006) have 
identified conserved regions in SID-1 (figure 5.1) (13,15). These regions were used in the 
isolation of a fragment of the S. americana SID-1 through degenerate amplification. In a 
similar way, protein and DNA sequence alignments of a variety of SID-1 homologues have 
been used to identify conserved regions. These regions provided a basis for the design of 
degenerate nested PCR primers for the amplification and isolation of a H. armigera SID-1 
homologue.
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5.2 Method:
5.2.1 Alignment of Sequences:
In order to identify conserved regions within SID-1, the following SID-1 protein and 
nucleotide sequences were aligned using ClustalW (accurate) (See figure 5.1): 
Homo sapiens (NM_017699), Mus musculus (NM_172257), Caenorhabditis elegans 
(NM_071971), Apis mellifera (XM_395167), and Schistocerca americana (AY879097) 
(from the NCBI database), and 3 short SID-1-like fragments from the Bombyx mori 
database. Protein and DNA sequence alignments identified regions of conservation around 
which degenerate primers were designed. External degenerate forward and reverse primers 
(see appendix 5.1) were designed at positions 1714bp and 2371 bp respectively relative to 
the Homo sapiens (NM_017699) SID-1 DNA sequence. Internal degenerate nested forward 
and reverse primers were designed at positions 1678bp and 2260bp respectively relative to 
the Homo sapiens (NM_017699) SID-1 DNA sequence.
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Figure 5.1: Protein sequence alignment (ClustalW) of human (Q9NXL6), mouse 
(AAH51101), grasshopper (AAX81452), honey bee (XP 395167), C. elegans 
(NP 504372) SID-1 sequences from public databases and assembled EST fragments 
of silkworm and Tribolium. Black shading indicates the same amino acid while grey 
shading indicates chemically similar amino acids. Red lines indicate regions where 
external degenerate primers were designed to, while green lines indicate regions 
where internal degenerate primers were designed. Dashes indicate a gap in the 
sequence or for grasshopper sequence, flanking dashes indicate truncated data.
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5.2.2 Degenerate Nested PCR:
The first round of degenerate nested PCR was performed using external forward and 
reverse degenerate primers (see appendix 5.1 for primer sequences) using standard PCR 
setup (see section 3.2.8) adjusted to the addition of 2.5pM of each degenerate primer. To 
increase the chances of amplifying a SID-1 homologue and to help identify artifacts, 
several PCR templates were used from different H. armigera tissue types and life stages. 
Templates used for PCR included: genomic DNA from a H. armigera embryo sample; 
cDNA from l Sl and 4th instar larvae; and cDNA from the midgut of a 4th instar larva. 
Approximately 500ng of each DNA template was used in the external reaction. External 
PCR was carried out under the following conditions: 
pre-heat: 94°C -  5min
"94°C -  30sec 
35 cycles of: 48°C -  30sec 
72°C -  Imin
final extension of: 72°C -  7min.
PCR samples were resolved on a 1% agarose gel, appropriate bands cut out and DNA 
fragments isolated using an Eppendorf gel clean up kit following the manufacturer’s 
instructions.
DNA fragments from excised bands were used as template for the internal nested PCR 
using degenerate primers (see appendix 5.1 for primer sequences) following standard PCR 
setup (see section 3.2.8) adjusted to the addition of 2.5(iM of each degenerate primer. The 
same PCR conditions were used as for the external PCR with an increase in the annealing
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temperature to 49°C to remove non-specific amplification. Samples were resolved on a 1% 
agarose gel, bands excised and DNA fragments isolated as previously described.
5.2.3 Cloning:
DNA fragments isolated from nested degenerate PCRs were ligated into pGEM-T-Easy 
following the manufacturer’s instructions (Promega) and electroporated into DHlOß E. coli 
cells. Cells were selectively cultured on LB ampicillin (100mg/ml) plates and left to grow 
at 37°C for ~16 hours. Five colonies from each of eight transformation samples were 
screened in a colony PCR using T7 and SP6 primers (see appendix 4.3 for primer 
sequences) to amplify inserts as follows:
R e a g e n ts V o lu m e  (|iil)
lOx Buffer 1.5
MgCl2 (50mM) 0.45
dNTP Mix (2.5mM each) 1.2
T7 Primer (10pM) 0.75
SP6 Primer (lOpM) 0.75
Taq (5U/pl) 0.5
H20 9.85
DNA Template (~100ng) colony
Cycling conditions:
1 cycle
94°C -  5 minutes 
35 cycles
94°C -  30 seconds 
52°C -  30 seconds 
72°C -  90 seconds
1 cycle
72°C -  7 minutes
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Colonies found to contain clones with inserts of ~570bp (approximately the size expected 
to be amplified by degenerate primers) were chosen for liquid culture, plasmid isolation and 
subsequent sequencing.
5.2.4 Sequencing:
Sequencing reactions were carried out using the CEQ 2000 Dye Terminator Cycle 
Sequencing Quick Start Kit following the manufacturer’s instructions (Beckman Coulter) 
except half the volume of each reagent was used. The pGEM-T-Easy T7 primer was used 
for sequencing insert fragments. Sequencing reaction were stopped and products 
precipitated following the manufacturer’s instructions, samples were resuspended in sample 
loading solution on a 96 well plate format before being put into the CEQ8000 for 
sequencing (Beckman Coulter). See appendix 5.2 for all SID-1-like sequences.
5.2.5 Amplification of SID-1 3’ and 5’ ends:
H. armigera SID-1 gene specific primers in combination with the Generacer kit 
(Invitrogen), were used to attempt to amplify and sequence the 3’ and 5’ ends of SID-1. 
The Generacer protocol was used following the manufacturers instructions and is 
summarised in figure 5.2.
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5.3 Results:
5.3.1 SID-1 Isolation
To amplify a SID-1 homologue from H. armigera, degenerate nested PCR was employed. 
Using highly degenerate external nested primers under optimised conditions, multiple 
fragments were amplified from four different templates, including H. armigera genomic 
embryo DNA, 1st instar larval cDNA, 4th instar larval cDNA and 4th instar midgut cDNA. 
From 4th instar larval and midgut cDNA template, four strong, discrete bands were isolated. 
Four weaker bands were also isolated from the genomic and 1st instar larval cDNA 
templates. In total, eight bands were identified as candidates for H. armigera SID-1, one 
from the genomic template, three from 4th instar cDNA, two from l sl instar cDNA and two 
from 4th instar cDNA. Each of these fragments was isolated and used as a template for 
internal nested PCR to remove non-specific fragments amplified in the first PCR. In three 
of the internal nested PCRs, one from each of the cDNA templates, multiple bands were 
amplified (figure 5.2). The molecular weights of the most prominent bands were consistent 
with those amplified in the initial external nested reactions. Eight discrete gel fragments 
(figure 5.2), one amplicon from each of the cDNA samples, were isolated and cloned into 
pGem-T-Easy. PCR screening of the pGEM-T-Easy multiple cloning site identified 
multiple inserts of slightly different sizes. Eight of the larger inserts ~500bp, (one from 
each of the original gel fragments cloned) were taken for sequencing.
5.3.2 Sequencing and Bioinformatics
From the eight samples sequenced, four provided good quality sequence. The four 
sequences were queried on the NCBI database using tblastx, finding that a segment of
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sample DC36 had 60% amino acid identity to the grasshopper SID-1 protein. The DC36 
SID-1-like gene fragment was originally amplified from the 4th instar midgut cDNA.
Figure 5.2 : Internal degenerate nested PCR using products from external primer SID-1 
degenerate amplification as a template. The black arrow indicated the 500bp ladder 
marker. Red boxes indicate the putative SID-1 bands that were excised, purified and 
cloned into pGEM-T-Easy for sequencing.
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The identification of one H. armigera SID-1-like sequence and the high rate of sequence 
failure, prompted the sequencing of more pGEM-T-Easy inserts. A further 16 sequencing 
reactions were performed, ten producing good quality sequence. Upon tBlastx analysis, 
four samples showed significant homology to the grasshopper SID-1. Three (DC39, DC40, 
DC41) originated from whole 4th instar cDNA while the remaining one (DC49) was from 
the 4th instar midgut cDNA.
For each of the sequences, NCBI tBlastx analysis showed the highest identities with the 
grasshopper SID-1, with amino acid identities of 50%, 48%, 46% and 61% for DC39, 
DC40, DC41 and DC49 respectively. (Each of the nucleotide sequences can be found in 
appendix 5.2, tBlastx alignments can be found in appendix 5.3).
5.3.3 Sequencing HaSID-1 3’ and 5’ ends
Nucleotide alignment of the sequence data revealed that two different types of SID-1-like 
genes had been isolated. Conserved regions were identified and primer sets were designed 
to specifically amplify each of the two H. armigera SID-1 (HaSID-1) variants. PCR 
amplification using these primer sets on H. armigera genomic and cDNA template 
produced single bands of either 219bp or 247bp (see appendix 5.4 for primer sequences).
Degenerate PCR had amplified internal sequence for two HaSID-1 variants. In 
order to obtain sequence for 3’ and 5' ends of HaSID-1, the Generacer kit (Invitrogen) was 
used (figure 5.3). 5’ and 3’ adapters of known sequence were attached to the ends of 
cDNAs in a H. armigera library (figure 5.3 step i). Using adapter specific nested primers in 
combination with HaSID-1 gene specific primers, nested PCR was attempted to amplify the 
3' and 5’ ends of both HaSID-1 variants for cloning and sequencing. External PCR was
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optimised with various annealing temperatures and magnesium chloride concentrations to 
amplify a range of differently sized fragments observed as a smear on a gel (figure 5.3, step 
ii, gel a). This sample was used as template for half-nested PCR, using nested Generacer 
and HaSID-1 specific primers. Half-nested PCR was also optimised, yielding multiple, 
very few faint bands in some samples (figure 5.3, step ii, gel b). Four of these bands were 
excised from the gel and fragments isolated using a gel purification kit. Using the same set 
of nested primers, the gel purified fragments were re-amplified to see if the same bands 
were isolated. Smeared bands were observed upon gel analysis (figure 5.3, step iii, gel c) 
making it difficult to determine if the same products were being amplified. Subsequent 
isolation, cloning and sequencing of these bands showed that only H. armigera ribosomal 
and chitin binding genes were isolated. It is likely that the gel purified fragments did not 
contain a single pure amplicon but contained multiple non-specific fragments.
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Step i)
Ligation of 3’ and 5’ RNA 
adapters of known sequence 
and cDNA synthesis
5’ RNA Adapters
OH
3’ RNA Adapters
I I I I I I 1 I
SID-1 mRNA t
AAAAAAAA
External adapter amplification
Step ii)
3’ & 5’ external adapter/SID-1 
specific amplification
1 ”  1
1f
3’ & 5’ half-nested PCR
■1
1 !< * -
Step iii)
Half nested re-amplification of 
template from 6 gel bands, 2 
excised from each “smear” on 
gel b).
Figure 5.3: Attempt to amplify HaSID-1 Using Generacer (Invitrogen) Adapters. Step i) 
RNA oligonucleotides adapters were ligated to 3’ and 5’ ends of 4th instar total mRNA, 
reverse transcribed and adapter specific external primers used to amplify the adapter 
library. Step ii) 3’ and 5’ adapter primers in combination with either of the two HaSID-1 
specific primer sets amplified from adapter library template (a)). Nested adapter primers 
and HaSID-1 specific primers used in a half-nested approach to reduce non-specific 
amplification products (b)). Step iii) two gel bands were gel excised from each amplified 
sample from step ii (3’ SID 1-1, 5’ SID 1-2 and 3’ SID 1-2) and re-amplified using 
corresponding half-nested primers sets (c)). (-) indicates no template negative control 
lanes.
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5.4 Discussion:
In this study I isolated two homologues of the systemic RNAi gene, SID-1, from 
H. armigera cDNA.
The important roles played by RNAi in the regulation of developmental genes through the 
microRNA pathway and its involvement in innate immune defense against viruses and 
transposable elements have been demonstrated in insects. For RNAi to be an effective 
anti-viral, anti-transposon mechanism, the silencing signal must travel to distant cells in a 
systemic manner in order to prime the organism against attack by viral and transposable 
elements. Feinberg & Hunter’s (2003) work demonstrated that SID-1 expression in 
Drosophila S2 cells could mediate dsRNA movement into cells, strongly implicating it as a 
critical component of the systemic RNAi pathway (16). The importance of systemic 
signaling in many organisms strongly suggests that the core RNAi machinery, and that used 
for systemic spread, are highly coupled.
Chapter 4 of this study has demonstrated the process of RNAi in H. armigera. 
Reports of RNAi in other lepidopterans such as Bombyx mori (silkworm), and 
Epiphyas postvittana (light brown apple moth) (17,18), illustrate the level of conservation 
of the RNAi pathway in insects. Systemic silencing has not been demonstrated in 
H. armigera, and while the evolutionary conservation of RNAi machinery makes its 
presence likely, the absence of SID-1 and RdRp in Drosophila raise some doubt as to the 
presence of SID-1, and the functionality of systemic RNAi, in this insect pest.
In this study the high level of conservation of the RNAi machinery was exploited to 
identify regions of SID-1 that are conserved among a variety of different organisms. These 
regions were used to design degenerate primers used for the successful amplification of a
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SID-1-like homologue from H. armigera cDNA. In total, five separate SID-1-like 
fragments were isolated, each with a high identity to the S. americana SID-1 protein 
sequence. The amino acid identity of each of these fragments with the S. americana protein 
ranged from 46-61%.
5.4.1 HaSID-1 Localisation
DNA sequence aligmnents of the five HaSID-1 fragments identified two distinctly different 
SID-1 groups. A consensus sequence for both of these groups was taken and a protein 
aligmnent performed with SID-1 homologues in other organisms. This alignment 
illustrates multiple regions of conservation present in both HaSID-1 homologues, 
suggesting a functional significance (figure 5.4). Not surprisingly, phylogenetic 
comparison of both HaSID-1 groups shows each homologue most closely matches 
sequence from the lepidopteran B. mori (figure 5.5).
Tracing the origins of the five fragments that made up the two HaSID-1 groups, found that 
group 1 (HaSID-la), consisting of fragments DC39, DC 40, DC41, was amplified from 
whole 4th instar larvae cDNA, while group 2 (HaSID-lb), consisting of fragments DC36 
and DC49, originated from 4th instar midgut cDNA. cDNA generated from a whole 
4lh instar caterpillar also contained midgut tissue, yet no HaSID-lb sequence was isolated 
from this sample. This suggests more abundant expression of HaSID-la in tissue outside 
the midgut, while HaSID-lb may be predominantly expressed in the midgut. If each 
HaSID-1 has tissue specific localisation, each homologue might have different functional 
roles or be adapted to the specific environment in which they are expressed.
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Figure 5.4: Protein alignment of SID-1 homologues from: Bombyx mori (bm_l,
bm_2, bm_3), Tribolium castaneum (tc_l, tc_2, tc_3), Apis mellifera (am sidl), Homo 
sapiens (hs_bcll452, hs_flj2017), Mus musculus (mm_bc02395, m m sid l), Gallus 
gallus (gg_l, gg_2), Danio rerio (dr_sidl), Fugu rubripes (fr_sidl), Helicoverpa 
armigera (ha_l (HaSID-la), ha_2 (HaSID-lb)), Caenorhabiditis elegans (ce_zk721.1, 
ee_y37h2c, ce sid), Hydra magnipapillate (h m sid l)  Dictyostelium discoideum 
(d d s id l). Black shading indicates the same amino acid while grey shading indicates 
chemically similar amino acids. Dots indicate a gap in the sequence or truncated data.
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Figure 5.5: Phylogenetic tree illustrating the relatedness of SID-1 homologues from 
different organisms. Generated using data from Honeybee Genome Consortium, 2006; 
based on alignment of conserved trans-membrane domain of Winston et ah, 2002. 
indicates the closest match to HaSIDla, ('*') indicated the closest match to HaSIDlb (19).
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A recent report by Turner et al. (2006) found that feeding dsRNA to 4th instar light brown 
apple moth larvae was sufficient to knockdown gene expression (18). These results suggest 
dsRNA is taken up through the gut into cells where it is processed by RNAi machinery. 
Expression of a specific SID-1 in the gut may be involved in the uptake of dsRNA from the 
gut lumen, exposing the dsRNA to the RNAi machinery within cells. Once transported into 
the cell the dsRNA is fed into the RNAi pathway being cleaved by DICER into siRNA. 
While the molecule conferring systemic spread of the silencing signal has not been 
elucidated, the movement of processed forms of dsRNA may be involved. This would 
explain a need for different SID-1 transporters as seen in H. armigera. Midgut localised 
HaSID-lb might be involved in the transport of long viral dsRNA taken up in the gut and 
non-midgut HaSID-la might be involved in transport of processed dsRNA between cells, 
providing systemic defense against viral attack.
The hypothesis of spatial separation of SID-like proteins based on function has been 
reported previously by Hunter et al. (2006) (15). SID-1 and SID-2 were discovered in a 
genetic screen to identify genes involved in systemic silencing. While both are involved in 
systemic silencing, they share very little protein homology and probably very little 
functional similarity. However, although they are involved in the same process, they do not 
share the same localisation; SID-1 is expressed throughout all cells in C. elegans, and 
SID-2 is localised to the gut. SID-2 distribution in the gut explains previous observations 
that SID-2 mutant worms were insensitive to environmental sources of RNAi triggers such 
as dsRNA soaking and dsRNA bacterial ingestion.
Similarly, in situ hybridisations of the two HaSID-1 groups to determine their special
expression would provide clues as to the possible functional differences of the HaSID-1
variants. Furthermore, cloning full length copies of the HaSID-1 genes would allow
functional studies to be performed in Drosophila cell culture where a SID-1 homologue is
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absent. Exploration for other systemic RNAi related genes in H. armigera would also 
strengthen our knowledge of RNAi and may shed new light on the biological significance 
of this key molecular mechanism.
5.5 Conclusion
I have reported the identification of two different SID-1-like genes in H. armigera. While 
full length cloning and localisation work needs to be performed, the discovery of these 
homologues confirms the presence of the RNAi in this organism and provides evidence that 
systemic RNAi may be functional in H. armigera.
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6 Chapter 6 - Final Discussion
The development of basic, yet powerful, molecular techniques for non-model organisms, 
such as H. armigera, has helped answer fundamental biological questions, providing a 
foundation on which further research can build. Such techniques often yield basic, but 
important, results that can shed light on key areas of research, leading to a better 
understanding of the organism and providing a means by which major questions can be 
answered. This project has identified and analysed three major areas of molecular biology 
in the cotton bollworm:
1) DNA delivery;
2) Transposon-based transformation; and
3) RNAi.
The development of a successful DNA delivery system for H. armigera pre-blastoderm 
embryos was a crucial step, permitting the study of transposon transformation and RNAi. 
Biolistic DNA delivery was originally tested because of its ability to deliver DNA into cells 
in an efficient, high-through-put manner. Initially, bombardment of partially dechorionated 
H. armigera embryos showed promise, with penetration of DNA coated gold particles into 
the interior of the embryos (figure 2.6). However, chorion removal dramatically reduced 
embryo survival rates (section 2.3.3), negating the high-through-put advantage of this 
technique.
To date, reports of biolistics in insects have all involved particle delivery into tissues that 
are relatively soft compared to H. armigera embryos, for example dechorionated 
Drosophila embryos, pre-oviposited B. mori embryos and silk glands (1-3). In Kravariti’s 
(2001) experiments, dissected B. mori embryos were bombarded before their chorion had
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developed (3). These embryos did not require chemical or mechanical chorion removal, 
resulting in high survival rates post bombardment.
While Balarelli and Lengyel (1990) found that partial dechorionation of Drosophila 
embryos increased the efficiency of particle delivery, their report did not state what effect 
this had on embryo survival rates (1). In contrast, Kennerdell (2002) reported significant 
survival rates of dechorionated Drosophila embryos, with two thirds surviving to hatch post 
bombardment (2).
The results reported in this study show that the removal of the chorion, while essential for 
particle penetration of H. armigera embryos, reduces the survival rate of bombarded 
embryos to a degree that nullifies any benefits gained by its high-through-put nature. 
Furthermore, no visual or molecular evidence was obtained to indicate that bombardment 
was capable of delivering sufficient EGFP plasmid into embryos for transformation 
(section 2.3.4). It appears that efficient, high-through-put, biolistics is only effective for 
insect embryos that are either soft enough to allow gold particle penetration, or which can 
be dechorionated without adverse effects.
In summary, I found that biolistics was not able to deliver DNA into H. armigera embryos 
in the high-through-put manner that had shown so much promise in C. elegans. While this 
technique was able to deliver gold particles into embryos, it did not deliver sufficient 
amounts of DNA for transformation, nor did it provide a method by which the amounts of 
DNA being delivered could be accurately measured, making further trouble shooting 
difficult.
While further optimisation of rupture disks and embryo preparation might, in time, yield a 
transgenic insect, mounting technical problems, and the innate difficulties in 
trouble-shooting, make this technique unfeasible for further development in H. armigera 
when contrasted with micro injection.
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While micro injection is a technically challenging method to master, in time, microinjection- 
based DNA delivery of H. armigera embryos proved to be a very reliable technique in 
comparison to biolistics. Transient expression of EGFP after injection varied between 
experiments, but in general produced high levels of visible transgene expression 
(figure 3.5a).
Consistent with transient expression assays, co-injection of a piggyBac-based EGFP 
reporter and corresponding transposase into embryos produced high frequencies of EGFP 
expression (section 3.3.6). However, visible expression was not maintained into the larval 
stage. While the fluorescence of a small number of G1 larvae seemed to indicate the 
transposition of EGFP into the insect’s genome (figure 3.8), molecular analysis could not 
confirm the presence of an integrated transgene. This result, coupled with high transient 
expression post injection and the low frequency of fluorescing G1 larvae, raises doubts as 
to the ability of piggyBac to transpose within H. armigera. High transient expression 
indicated that plasmid DNA was delivered and expressed. However, the lack of stable 
transformation suggests a low rate of transposition was occuring. For observed 
transposition rate to be so low, it is possible that either transposase activity was too low to 
mediate sufficient gene movement, or that activity was too high, causing constant insertion 
and excision. This question could be analysed by undertaking a plasmid transposition assay 
to study piggyBac transgene movement. This technique was used to determine the 
functionality of the Mariner transposon in L. cuprina and B. ttyoni (4). Similarly, this 
technique could be applied to H. armigera in the presence and absence of exogenous 
transposase, to help identify whether, 1) piggyBac is capable of transposition in 
H. armigera, 2) the exogenous transposase is adequately active, and
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3) in the absence of exogenous transposase, whether there is auto-transposition, mediated 
by endogenous transposases.
The identification of endogenous piggyBac-like transposable elements in H. armigera by 
Zimowska and Handler (2006) suggests the possibility of piggyBac auto-transposition and 
remobilisation (5). Functional analysis of these elements would shed light on the likelihood 
of maintaining a piggyBac-generated stable line of H. armigera and would complement 
transposition assay results.
In the absence of endogenous transposase activity, in an attempt to increase transposition 
rates, in vitro transcription of the piggyBac transposase could be undertaken to generate 
transposase mRNA. The co-injection of transposase mRNA instead of plasmid DNA was 
reported by Kapetanaki et al. (2002) to increase Minos transposition rates two-fold in 
Drosophila by removing the need for helper plasmid transcription (6). Similarly, the use of 
in vitro synthesised transposase was more recently reported to have a larger impact in the 
lepidopteran B. mori, facilitating a 40-fold increase in Minos transformation rates (7). 
By employing this technique to H. armigera transformation, a higher rate of transposition 
may also be achieved and a stable transgenic line obtained.
While a stable transformation event could not be confirmed in H. armigera, microinjection 
of an EGFP reporter illustrated the successful delivery of DNA to embryos and the high 
level of expression of the polyubiquitin promoter. Over a period of two years, spanning 
dozens of experiments, microinjection of the pB[PUbnlsEGFP] plasmid produced reliable 
expression frequencies and intensities in H. armigera embryos.
The robust manner of the transient EGFP expression allowed the development of a transient
RNAi assay, whereby accurate volumes of dsRNA could be co-injected into H. armigera
embryos along with the pB[PUbnlsEGFP] plasmid. The successful transient RNAi assay
to silence EGFP (section 4.3.1) demonstrates the presence of an active RNAi pathway
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within H. annigera. RNAi results indicated that different forms of dsRNA produce varying 
degrees of silencing. Generally, the introduction of dsRNA and DICER derived siRNAs to 
H. armigera embryo, triggered high levels of RNAi knockdown (table 4.2).
A variety of methods of dsRNA delivery to initiate RNAi in insects have been reported in 
the literature. Two successful delivery methods reported in recent times include dsRNA 
haemocoel injection, or feeding of later instar larvae. Like embryo microinjection, 
successful haemocoel injection of larvae relies heavily on the operator’s skill and the 
resilience of the insect. As a result, a less invasive, oral dsRNA delivery method similar to 
that reported by Turner et ai. (2006) was employed (8). In the present study, oral delivery 
involved feeding H. armigera neonates with dsRNA targeting six different genes. 
The youngest possible larvae were used for feeding to enhance access of dsRNA to gut 
cells before the development of the peritrophic membrane (a film-like protective structure 
made of chitin and protein that forms a layer between the midgut cells and the gut lumen). 
Phenotypic observations and qRT-PCR analysis of dsRNA fed larvae indicated a lack of 
silencing for each of the six genes (section 4.3.2). As the transient RNAi assays had 
established that RNAi was functional in H. armigera, these results suggest a problem with 
either the genes being targeted, or the delivery of dsRNA.
The genes targeted for silencing in this project were chosen for their high potential to show 
an adverse phenotype once knocked down. While qRT-PCR data showed that none of 
these genes had been silenced, sampling related errors could have caused low level 
knockdown to be overlooked. Furthermore, high expression of each of these genes might 
have compensated for even small amounts of silencing, resulting in no obvious phenotypic 
effects.
It is likely that the harsh enviromnent of the larval midgut degraded the dsRNA before it
could enter gut cells. The midgut of H. armigera is known to have many defenses against
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physical and biological damage to cope with its diverse diet. For example, the lepidopteran 
midgut is generally very alkaline; the midgut of H. armigera has a pH of 10.5-11 
(Colebatch, unpublished) to assist in digestion and the deactivation of protein toxins. It is 
likely that the alkaline pH, a host of hydrolytic enzymes, the peritrophic membrane and 
RNase proteins, in the midgut lumen would degrade the dsRNA before it reaches the gut 
cells. To circumvent this problem, larger amounts of dsRNA, multiple dsRNA feeding 
periods, or dsRNA encapsulation would be necessary to allow the dsRNA to contact the gut 
cells. By protecting the dsRNA, or by simply feeding high volumes, the chances of gut 
cells coming into contact with dsRNA would be increased and thus dsRNA uptake would 
be more likely.
For dsRNA to be taken up into the gut cells, a dsRNA import mechanism is required. 
SID-1 is known to mediate dsRNA uptake into cells (9) and may be a possible candidate to 
mediate exogenous dsRNA uptake. The identification of two SID-1 homologues in 
H. armigera (section 5.3.2) lends weight to the hypothesis that this protein may be involved 
in dsRNA uptake from the gut. However, these homologues must be fully characterised 
before conclusions can be drawn. Cloning full length sequence of the two H. armigera 
SID-1 homologues would provide more data for comparison with existing functional SID-1 
homologues in other organisms. Further characterisation, involving in situ hybridisation, 
would determine the localisation of these homologues, providing additional clues about 
their individual roles. Further, expression assays of these homologues in Drosophila S2 
cells, similar to those undertaken by Feinberg and Hunter (2003), would provide functional 
data which may shed more light on the action of these genes in H. armigera (9).
This study has identified key aspects of biolistics that must be considered before this
technique could successfully be adapted as a DNA delivery system for insects.
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Alternatively, I have demonstrated the development of a robust microinjection-based DNA 
delivery system for the transient expression of the visual EGFP marker in H. armigera 
embryos. While transposition assays need to be undertaken, it is plausible that insufficient 
levels of piggyBac transposase activity may have been responsible for low piggyBac 
transposition rates, impeding the generation of a stable transgenic line of H. armigera. The 
adaptable microinjection system was used to demonstrate the presence of a functional 
RNAi system in H. armigera by means of a transient RNAi assay. In addition, the 
identification of two SID-1 homologues provides evidence for possible systemic RNAi in 
this pest.
This project has shown how the development of a single technique such as microinjection- 
based DNA delivery can provide a means of answering many important biological 
questions. By beginning to establish the basic parameters of piggyBac transformation and 
the RNAi pathway in H. armigera, the foundations have been laid to answer the many 
questions that this project has also raised. Continued investigation into insect transgenesis, 
RNAi and the development of new molecular tools, will undoubtedly expose exciting new 
avenues of research and enhance our biological understanding of one of the world’s most 
important insect pests.
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7 Appendix
7.1 Appendix 1: Introduction
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7.2 Appendix 2: Biolistics
2.1) pGEMhsp70EGFP (Whyard unpublished)
ArrpR
pUC/M13for\Aerd
laccperon2
f1 region
T7RNA Pro
hsp70 Promoter
EGFP
hsp703 + pd^A) 
SP6 RNA Pro 
lac operator 
pUC/M 13 re fu se
laccperon
172
2.2) pDsRed-Expess-1 (Clontech, Catalog #6994-1)
*hsp70 has been inserted into the SacI -  Asp718I sites of the MCS.
pUC origin of replication hsp70
HSVTKpolyA
DsRed B press
SV40pdyA
Kanarry:irVneorr^dn resistance
Ampicillin resistance promoter
SV40 O igin  of Replication
hsp70 sequence:
CGGCCGCCAGTGTGATGGATATCTGCAGAATTCGCCCTTTGTAAAACGACGGCCAGTGAATTGTAATACGACT
CACTATAGGGCGAATTGGCCGTTATTCGTTATTCTCTCTTTTCTTTTTGGGTCTCTCCCTCTCTGCACTAATG
CTCTCTCACTCTGTCACACAGTAAACGGCATACTGCTCTCGTTGGTTCGAGAGAGCGCGCCTCGAATGTTCGC
GAAAAGAGCGCCGGAGTATAAATAGAGGCGCTTCGTCTACGGAGCGACAATTCAATTCAAACAAGCAAAGTGA
ACACGTCGCTAAGCGAAAGCTAAGCAAATAAACAAGCGCAGCTGAACAAGCTAAACAATCTGCAGTAAAGTGC
AAGTTAAAGTGAATCAATTAAAAGTAACCAGCAACCAAGTAAATCAACTGCAACTACTGAAATCTGCCAAGAA
GTAATTATTGAATACAAGAAGAGAACTCTGAATAGGGAATTGGGAATTCGTTAACAGATCTGCGG
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2.3) pB[PUbDsRedl] (Handler and Harrell 2001) (1)
pggyBacS
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2.4) PCR Primers:
Primer
Name
Sequence (5’-3’) Notes
H a I R G C G T T C T T C A T C G A C C C G R ev erse  P rim e r  fo r
H. a rm ig e ra  18s 4 8 2 b p
H a  1F T C G T A A C A A G G T T T C C G T
A G G T G
F o rw ard  P rim e r fo r
H . a rm ig era  18s 4 8 2 b p
D sR ed  1F T G T C C C C C C A G T T C C A G T
A
F o rw ard  P rim e r am p lif ie s  a 
4 4 9 b p  p ro d u c t o f  D sR ed
D sR ed  IR G A T G G T G T A G T C C T C G T T
G T G
R ev erse  p r im e r  am p lif ie s  a 
4 4 9 b p  p ro d u c t o f  D sR ed
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7.3 Appendix 3: Microinjection
3.1) pBac[3xP3-EGFP af] (Horn and Wimmer 2000) (2)
pigg^BacR
3X3PEGFP
pigg^BacL
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3.2) pB[PUbnlsEGFP] (Handler and Harrell 2001) (3)
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3.3) phspBac (Handler and Harrell 1999) (4)
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3.4) Microinjection setup:
3.5) Micro-manipulator:
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3.6) Primers
Primer
Name
Sequence (5’-3’) Notes
H_a IR GCGTTCTTCATCGACCCG Reverse Primer for H. armigera 
18s 482bp
H a  1F TCGTAACAAGGTTTCCGTAG
GTG
Forward Primer for H. armigera 
18s 482bp
EGFP F GTGCCCATCCTGGTCGAG Amplifies a 451 bp product at the 3’ 
end of EGFP (40-490)
EGFP R TGATGCCGTTCTTCTGCTTG Amplifies a 451 bp product at the 3’ 
end of EGFP (40-490)
3.7) Primer target sequences
H. armigera 18s fragment
GTCGTAACAAGGTTTCCGTAGGTGAACCTGCGGAAGGATCATTAACGTGTAAACGCTAGACGCGACTGGCTTG
CGACGCGCGTGTTATAACGTAAACAATAATCCACACACACCACTAGAGGACACAGAGTCGAACGGACGCTGTG
CGTTGAATAGCCGATGATTCGGTGTTGTTCGTCGCGCTCGTCCGTCGTTATGTGTTCTCGCGTCGCGTNATGC
GCACGACACGCAGAAGGGTACACAAAACACAAAAATCCGCGTCCCCGAGTGTCTGCATGCACGCGTTCGTTAA
CAATCAAACACAAGTCCCTTGCAACGCGGGGGGATGATATCATTTTATTTTTATACATACAAACACACGTGTT
TATAAAATACACACTCACAAGTCAATTTAATGTAACACTAGATTACGCGAACAGCGGTAATTTAAAACTATTA
CCCTGGACGGTGGATCACTTGGCTCGCGGGTCGATGAAGAACGCAGTTAACTGTGCGTCATCGTGTGAACTGC
AA
EGFP Sequence:
CCCGGGATCCACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGT
CGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGC
AAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGA
CCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCC
180
CGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAG
TTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGG
GGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAA
GGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACC
CCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACC
CCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGA
GCTGTACAAGTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTT
TAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTAT
TGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCAT
TCTAGTTGTGGTTTGTCCAAACTCATCAATGTATC
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7.4 Appendix 4: RN Ai
4.1) Primers for Candidate Gene Fragment amplification for dsRNA production
Primer Name Sequence (5’-3’) Notes
H aE cR l F G C A G C A C A G A T G G C G A G G C E cdysone R eceptor fragm ent 527bp
H aE cR l R C T T C A A T C T G T T C T G T T C Ecdysone R eceptor fragm ent 527bp
H aJH E l F C G C G G C A A G A A C A T C C T C T C JHE fragm ent 444bp
H aJH E l R A C T A C A G A G T T C G C C C T A JH E fragm ent 444bp
H aU S P l F G C T A C T G C T A A T G C T G T A U ltraspiracle fragm ent 513bp
H aU S P l R T C T T A C C G T C C G T T T G A A U ltraspiracle  fragm ent 513bp
H a l 156R F G A A C T T G G G A G C uticu lar C hitin  Synthase fragm ent 
475bp
H a l 156R R G G A C TG A C uticular C hitin  Synthase fragm ent 
475bp
CH S F TA T T A C A A C Chitin  Synthase fragm ent 396bp
CH S R C G C A G G T T C hitin  Synthase fragm ent 396bp
1156R3 F TA T T A C A A C M idgut C hitin  Synthase fragm ent 
766bp
1156R3 R G T C TC A M idgut C hitin  Synthase fragm ent 
766bp
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4.2) Candidate Gene Fragments for dsRNA production
*red sequence indicates primer sequence
EcR
GCAGCACAGATGGCGAGGCGAGGCGGCAGAAGAAAGGCCCAGCGCCGAGGCAGCAAGAAGAGCTATGTCTTGT
CTGCGGTGACAGAGCCTCCGGATATCACTACAACGCGCTCACATGTGAAGGGTGTAAAGGTTTCTTCAGGCGG
AGTGTAACCAAAAATGCAGTGTACATATGCAAATTCGGCCATGCTTGCGAAATGGATATGTATATGCGGAGAA
AATGTCAGGAGTGTCGGTTGAAGAAATGTCTTGCGGTAGGCATGAGGCCCGAGTGCGTGGTGCCGGAGAACCA
GTGTGCAATGAAACGGAAAGAGAAAAAGGCGCAGAGGGAAAAAGACAAATTGCCCGTCAGTACGACGACAGTA
GACGATCACATGCCTCCCATCATGCAATGTGATCCTCCGCCCCCAGAGGCCGCTAGAATTCTGGAATGTTTGC
AGCACGAGGTGGTGCCGCGGTTCCTCAATGAGAAGCTCATGGAACAGAACAGATTGAAG
JH E
CGCGGCAAGAACATCCTCTCTTAGTATGATTACCAGCGCAGAATGCGAGACATCCCGCAATCGACTACCCAAC
TTTGGTTTCGTCAATAAGATAAAAGACAATCCTGCAATCATAATACCGCCCAGAGTTTTATTAATGACACCAC
CACAACTAGTGATAGATTTGAAAGAGTCTATTGAGAGAAGGTACTACAACGATTCAATAAGTATCGATAACTT
TGTGAAATCATGTTCGGACGGCTTCTATGAGTACCCTGCATTGAAACTGGCGCAAAAACGTGCTGAGACTGGT
GGAGCTCCACTGTACTTGTACCGGTTCGGATACGAGGGTCAGAGCAGCATCATCAAGGAGGTAATGGAGCTGG
ACTACGATGGCGCTGGCCACATTGAAGACCTAACCTATGTATTTAGGGCGAACTC
U S P
GCTACTGCTAATGCTGTAATTGATCAAATTATCGTTTTATTACGAGTGTGTTTCATAACATCTTCAAAGACAT
TTGTGTACAGCGAAGGGGTGTATTGTTTCATCTTCATATAGGTATATTTAGTTCAACGACCTTGTTCCTGACA
GGTTCATCGTTAGCCACTGAACTATTCTATGAAAGTGGTATATCGTAGACGATAGATAAATTAAATCCAATGA
TGGAGCCCTCGAGAGATTCAGGGCTAAACTTGGAGGGAGGTTTTATGTCGCCGATGTCACCACCGGAGATGAA
GCCAGACACGGCGATGCTAGACGGCCTGCGAGACGACTCCACCCCACCCCCAGCTTTCAAGAACTACCCCCCG
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AACCATCCCCTAAGTGGTTCTAAGCACCTCTGTTCTATATGTGGAGACAGAGCGTCGGGAAAACATTATGGAG
TATACAGTTGTGAAGGTTGCAAAGGTTTTTTCAAACGGACGGTAAGA
1 1 5 6 R
GAACTTGGGAGCAGCGTGTGGACGTATCCATCCTGTGGGCTCTGGCTTCATGGCTTGGTATCAAATGTTCGAG
TACGCTATTGGTCATTGGCTGCAAAAGGCGACGGAACACATGATCGGCTGCGTACTCTGTAGTCCTGGATGCT
TCTCTCTGTTCAGAGGAAAGGGCTTTGATGGACGACAACGTCATGAGAAATACACACTGACTTCTCACGAAGC
CCGCCATTACGTACAATACGATCAAGGTGAGGACCGTTGGCTCTGCACATTACTATTACAACGCGGCTACCGA
GTCGAGTACTCGGCCGCCTCCGATGCGTACACGCACTGTCCGGAACAATTCGACGAGTTCTTCAACCAGCGAC
GACGATGGGTACCCTCTACTATGGCCAACATATTTGATCTGCTGGCAGATGCTAAAAGGACTATCTCTATTAA
TGATAATATTTCCACGCTTTATATAATGTATCAGTCC
CHS
TATTACAACGCGGCTACCGAGTCGAGTACTCGGCCGCCTCCGATGCGTACACGCACTGTCCGGAACAATTCGA
CGAGTTCTTCAACCAGCGACGACGATGGGTACCCTCTACTATGGCCAACATATTTGATCTGCTGGCAGATGCT
AAAAGGACTATCTCTATTAATGATAATATTTCCACGCTTTATATAATGTATCAGTCCATGTTAATGTTCGGCA
CAATCCTGGGCCCCGGGACCATATTCCTGATGATGGTGGGAGCGATGAACGCCATCACTCAGATGAGCATGTC
CAACGCGCTGATACTCAACTTGGTGCCCATTCTCATATTCATTGTAGTCTGTATGACTTGTAAGTCTGAAACG
CAGCTATTCCTGGCGAGCTTGATAACCTGCG
1 1 5 6 R 3
TATTACAACGCGGCTACCGAGTCGAGTACTCGGCCGCCTCCGATGCGTACACGCACTGTCCGGAACAATTCGA
CGAGTTCTTCAACCAGCGACGACGATGGGTACCCTCTACTATGGCCAACATATTTGATCTGCTGGCAGATGCT
AAAAGGACTATCTCTATTAATGATAATATTTCCACGCTTTATATAATGTATCAGTCCATGTTAATGTTCGGCA
CAATCCTGGGCCCCGGGACCATATTCCTGATGATGGTGGGAGCGATGAACGCCATCACTCAGATGAGCATGTC
CAACGCGCTGATACTCAACTTGGTGCCCATTCTCATATTCATTGTAGTCTGTATGACTTGTAAGTCTGAAACG
184
CAGCTATTCCTGGCGAGCTTGATAACCTGCGCATACGCAATGGTAATGATGTTAGTCATAGTTGGGATAGTTC
TTCAAATCGTAGAAGACGGATGGCTGGCCCCGTCCAGTTTGTTCACGGCCGTCATATTCGGGACTTTCTTCGT
GACGGCGGCACTTCATCCTCAGGAGATCATATGTTTGCTGTACCTAACTGTGTACTATGTGACCATTCCGAGT
ATGTACATGTTGCTCATTATATACTCGCTATGCAATCTCAACAACGTGTCATGGGGTACTAGGGAGGTGGTGC
AGAAGAAAACGGCTAAGGAAATGGAACAAGAACGCAAAGAAGCAGAGGAAGCTAAGAAGAAGATGGACGAGAA
GAGCATACAGAAGTGGTTCGGCAAGAGTGATGAGAC
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4.3) Primers for cloning:
Primer
Name
Sequence (5’-3’) Notes
p L 4 4 4 0 T 7 -F C C A C C T G G C T T A T C G A A A E m p ty  M C S  2 6 8 b p
p L 4 4 4 0 T 7 -R T A A A A C G A C G G C C A G T G A E m p ty  M C S  2 6 8 b p
S P 6 C C A T G A T T A C G C C A A G C T A T
T T A G G
R ev erse  p r im e r  fo r p G E M  
frag m en t am p lif ica tio n
T 7 G T C  A C G  A C G T T  G T  A A  A A C G  A  
C G G
F o rw ard  p r im e r  fo r p G E M  
frag m en t am p lif ica tio n
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4.4) pL4440 (Timmons and Fire 1998) (5)
pBR3220rign
17 RI\l^ polymerase premier
T7 RNA polymerase promler
pL4440
f lQ ig n
Airpicillin promler
Ampicillin resistance
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4.5) Real Time PCR Primers
Primer
Name
Sequence (5’-3’) Notes
R T 1 1 5 6 R F C C T T C C A C C A T C G C C A A T A T CH S fragm ent for R eal T im e PC R
R T 1 1 5 6 R R G G G A C T C G A A A T G T T G T C G T T
A A T
CH S fragm ent for R eal T im e PC R
RT C H S 1 -2 F A A G G T G A G G A C C G T T G G C T CH S fragm ent for Real T im e PC R
RT CH S 1-2 R T G T A C G C A T C G G A G G C G CH S fragm ent for R eal T im e PC R
R T 1156R 3 F G G T G A G G A C C G T T G G C T C T CH S fragm ent for R eal T im e PC R
R T 1156R 3 R C G T G T A C G C A T C G G A G G C CH S fragm ent for R eal T im e PC R
R T JH E  F C A A A T T T  A A T  A G C T A A G G  A C G  
C
JH E fragm ent for R eal T im e PC R
R T JH E  R A T T G C G G G A T G T C T C G C A JH E fragm ent for R eal T im e PC R
R T U SP F G C T A C T G C T A A T G C T G T A A T T
GA
U ltraspiracle fragm ent for Real 
T im e PC R
R T U SP R C T T C G C T G T A T A C A A A T G T C T
TTG A
U ltraspiracle fragm ent for Real 
T im e PC R
R T E cR  F A T C A G G T C G T G A G G A G T T G T C
TC
E cdysone R eceptor fragm ent for 
Real T im e PC R
R T E cR  R G C C T T T C T T C T G C C G C C T Ecdysone R eceptor fragm ent for 
Real T im e PC R
G A PD H  F G G G C T C C G T T G A C A T C C A G A PD H  fragm ent for Real T im e 
PC R
G A PD H  R C T C G G A G A A G A C G G C G A T T G A PD H  fragm ent for Real T im e 
PCR
R T A T PaseA  F C T G G C G C A G C G C A A G A T PaseA  fragm ent for Real T im e 
PCR
R T A T PaseA
R
C G T A G A A G T C G T C G A G G G C T C A T PaseA  fragm ent for Real T im e 
PC R
R T E G FP F A G C A A G G G C G A G G A G C T G T EG FP fragm ent for Real T im e PC R
R T E G F P R A C G C T G A A C T T G T G G C C G T EG FP fragm ent for Real T im e PC R
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4.6) Sequences Targeted for Real Time PCR
1156R: amplicon - 81bp
CCTTCCACCATCGCCAATATTATGGACTTGCTCGCCGATTGTAAACACACTATCAAGATTAACGACAACATTT
CGAGTCCC
CHS: amplicon - 81bp
AAGGTGAGGACCGTTGGCTCTGCACATTACTATTACAACGCGGCTACCGAGTCGAGTACTCGGCCGCCTCCGA
TGCGTACA
1156R3: amplicon - 81bp
GGTGAGGACCGTTGGCTCTGCACATTACTATTACAACGCGGCTACCGAGTCGAGTACTCGGCCGCCTCCGATG
CGTACACG
JHE: amplicon - 80bp
AATTTAATAGCTAAGGACGCGGCAAGAACATCCTCTCTTAGTATGATTACCAGCGCAGAATGCGAGACATCCC
GCAATC
USP: amplicon - 88bp
GCTACTGCTAATGCTGTAATTGATCAAATTATCGTTTTATTACGAGTGTGTTTCATAACATCTTCAAAGACAT
TTGTATACAGCGAAG
EcR: amplicon - 82bp
ATCAGGTCGTGAGGAGTTGTCTCCAGCTTCAAGTGTGAACGGCTGCAGCACAGATGGCGAGGCGAGGCGGCAG
AAGAAAGGC
ATPaseA: amplicon - 82bp
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CTGGCGCAGCGCAAGCACTTCCCGTCCATCAACTGGCTCATCTCCTACAGCAAGTACATGCGAGCCCTCGACG
ACTTCTACG
E G F P : a m p l i c o n  -  8 3 b p
AGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACA
AGTTCAGCGT
GAPDH: a m p l i c o n  -  6 7 b p
GGGCTCCGTTGACATCCAAGATGGCCACCTTGTCGTCAATGGAAACAAAATCGCCGTCTTCTCCGAG
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7.5 Appendix 5: SID-1
5.1) Degenerate primers:
Primer
Name
Sequence (5’-3’) Notes
SID E l 
(external)
G S 5W S Y T A Y C A Y R T 5T G Y C C T argeted to -1 8 2 1  o f  SID-1 
external nested  prim ers
SID 11
(internal)
C R R T T Y  G A Y  W C V 5 S5T K Y  A T T argeted to -1 8 5 7  o f  SID-1 
internal nested  prim ers
SID 12
(internal)
A A R W A 5M 5V G C R R M R G C C SA T argeted to -2 4 3 7  o f  SID-1 
internal nested  prim ers
SID E2 
(external)
A R R A W R T G C C A 5A W R T C R T G Targeted to -2 5 4 8  o f  SID-1 
external nested  prim ers
5.2) HaSID-1 sequences:
DC36
1 GATTCGGTTCGATACGGGGCGTTCATGTACGTGACCTCCCGTAACTATGG 
51 CATGGTCAAGATCTACCAGTCCCGTCACCCCGACATCAACGCACGAGCTC 
101 ACGCCACTTTCGGAGTACTCGCGCTTATTATATTTATTGGTCTAGTAGGA 
151 GTACTGAACGCGAACTTCTACTTCTGGATCGCGTTCACGGTGCTGCACCT 
201  CGTCACCTGCCTCATCATGACCTTCCAGATATACTATCTTGGACGGTTCC 
251  GACTTGACGGCGGTATAATCTGCCGTGCAGCCCGCGAGCTGGTCTCCCGA 
301 CCCCTCGCCGCCATCACGCCGACGTACTGCGGCCGCTGTGTGCTGCTCAT 
351  CATTGCCAACCTGGCTAATGTGGGCCGTCGCTCTCTTCTT
DC39
1 CGATACGGCGTGCATGTACGTGATCGCGGTGCTGGTGATGATCAAGCTGT 
51 ATCAGAACCGACATTCTGACATCATACCGAGTGCACACACCACCTTCATC 
101  GTGTTGGCTGTTATCATGACTTTAGGTCAGTTCGGTATCCTGTTCCCAAG 
151 CGTGGCGTTCTCGGTGCTGTTCACGATCCTGCACATCGCGACGTGTCTCA 
201  TACTCACGCTCAAGATATATTACGCGGGGAAGTTTAATTTAGAATGGTCA
191
251
301
351
DC4 0
1
51
101
151
201
251
301
DC41
1
51
101
151
201
251
301
351
401
451
DC4 9
1
51
101
151
GCACTAGGCCGTGGCATGTCAGCCCTGCGGCTACGCAGATGGCGAGCCCT
CGCCGCCGGCACACCCGCGCCCGCGCCGCGCTACTGGCGGCCTGCTTAAT
GTC
CGGTTTGACTCGGGGTGCATTTACGTGATCGCGGTGCTGGTGATGATCAA
GCTGTATCAGAACCGACATTCTGACATCATACCGAGTGCACACACCACCT
TCATCGTGTTGGCTGTTATTATGACTTTAGGTCTGTTCGGTATCCTGTTC
CCAAGCGTGGCGTTCTCGGTGCTGTTCACGATCCTGCACATCGCGACGTG
TCTCATACTCACGCTCAAGATATATTACGCGGGGAAGTTTAATTTAGAAT
GGTCAGCACTAGGCCGTGGCATGTCAGCCCTGCGGCTACACAGATGGCGA
GCCCTCGCGCCGGCACACCGCGCCCCGCCGCCGCGC
TTCTTCCCAAATATGGGTTCGAACCCTTGGCCAGGGCGGCCCGGCGGAAA
TTTCAACTTAGTGGATTTCAGTTTTTGATTTCGGGCGTTCATCTTACGGT
GGATCGCGGTGCTGGTGGATGGGTCAAGCTGTATCAGAACCGACATTTCC
TGACATCATACCGAGTGCACACACCACCTTCATCGTGTTGGCTGTTATTA
TGACTTTAGGTCTGTTCGGTATCCTGTTCCCAAGCGTGGCGTTCTCGGTG
CTGTTCACGATCCTGCACATCGCGACGTGTCTCATACTCACGCTCAAGAT
ATATTACGCGGGGAAGTTTAATTTAGAATGGTCAGCACTAGGCCGTGGCA
TGTCAGCCCTGCGGCTACACAGATGGCGAGCCCTCGCGCCGGCACACCGC
GCCCGCGCCGCGCTACTGGCGGCTGCTAATGTCGCTAATTGGGCTTTTGC
TCGCTATTT
TCCCGTCACCCCGACATCAACGCACGAGCTCACGCCACTTTCGGAGTACT
CGCGCTTATTATATTTATTGGTCTAGTAGGAGCTACTGAACGCGAACTTC
TACTTCTGGATCGCGTTCACGGTGCTGCACCTCGTCACCTGCCTCATCAT
GACCTTCCAGATATACTATCTTGGACGGTTCCGACTTGACGGCGGTATAA
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201 TCTGCCGTGCAGCCCGCGAGCTGGTCTCCCGACCCCTCGCCGCCATCACG
251 CCGACGTACTGCGGCCGCTGTGTGCTGCTCATCATTGCCAACCTGGCTAA 
301 TTGGGCCGTCGCTCTCTTCTT
5.3) NCBI tBlastx Results:
Query Sequence DC36:
gbIAY879097.11 Schistocerca americana sid-l-like mRNA, partial cds 
Length=545
Score = 110 bits (234), Expect = 5e-25
Identities = 42/70 (60%), Positives = 53/70 (75%), Gaps = 0/70 (0%)
Frame = -3/+1
Query 410 QSRHPDINARAHATFGVLALIIFIGLVGVLNANFYFWIAFTVLHLVTCLIMTFQIYYLGR 
Q+RHPDINA A++TF VLA +1 IG+ GVL YFWI FT LHL+TCL+++ QIYY+GR
Sbj ct 52 QTRHPDINASAYSTFAVLACVILIGMAGVLKGGVYFWIGFTCLHLITCLVLSVQIYYMGR
Query 230 FRLDGGIICR 
+ LD I R
201
Sbj ct 232 WTLDFSAIKR 261
Score = 29 .5 bits (58) , Expect = 5e-25
Identities = 12/24 (50%), Positives = 14/24 (58%), Gaps = 0/24 (0%) 
Frame = -3/+1
Query 176 PLAAITPTYCGRCVLLIIANLANV 105 
PL I P Y R VLL + NL N+
Sbjct 298 PLHCIRPLYPNRMVLLTLGNLCNI 369
Score = 53.8 bits (111), Expect = 7e-05
Identities = 29/64 (45%), Positives = 34/64 (53%), Gaps = 0/64 (0%) 
Frame = +1/-1
Query 220 SSRNRPR*YIWKVMMRQVTRCSTVNAIQK*KFAFSTPTRPINIISASTPKVA*ARALMSG 
S+ RP * I + + V RC VN IQK F+TP PI + A T  V *A A MSG
Sbjct 242 SNVQRPM* *ICTLSTKHVIRCKHVNPIQKYTPPFNTPAMPIKMTQAKTANVE*ALAFMSG
Query 400 *RDW 411 
R W
Sbjct 62 WRVW 51
Query Sequence DC39:
gbIAY879097.11 Schistocerca americana sid-l-like mRNA, partial cds 
Length=545
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Score = 108 bits (231), Expect = le-21
Identities = 44/87 (50%), Positives = 64/87 (73%), Gaps = 0/87 (0%) 
Frame = +2/+1
Query 2 DTACMYVIAVLVMIKLYQNRHSDIIPSAHTTFIVLAVIMTLGQFGILFPSVAFSVLFTIL
DT+ MYVIA L M+K+YQ RH DI SA++TF VLA ++ +G G+L V F + FT L 
Sbjct 1 DTSFMYVIATLCMLKIYQTRHPDINASAYSTFAVLACVILIGMAGVLKGGVYFWIGFTCL
Query 182 HIATCLILTLKIYYAGKFNLEWSALGR 262 
H+ TCL+L+++IYY G++ L++SA+ R 
Sbj ct 181 HLITCLVLSVQIYYMGRWTLDFSAIKR 2 61
Query Sequence DC40:
gbIAY879097.11 Schistocerca americana sid-l-like mRNA, partial cds 
Length=545
Score = 105 bits (224), Expect = le-20
Identities = 42/87 (48%), Positives = 64/87 (73%), Gaps = 0/87 (0%) 
Frame = + 1/ + 1
Query 7
Sbj ct 1
Query 187
Sbj ct 181
DSGCIYVIAVLVMIKLYQNRHSDIIPSAHTTFIVLAVIMTLGLFGILFPSVAFSVLFTIL 
D+ + YVIA L M+K+YQ RH DI SA++TF VLA ++ +G+ G+L V F + FT L 
DTSFMYVIATLCMLKIYQTRHPDINASAYSTFAVLACVILIGMAGVLKGGVYFWIGFTCL
HIATCLILTLKIYYAGKFNLEWSALGR 267 
H+ TCL+L+++IYY G++ L++SA+ R 
HLITCLVLSVQIYYMGRWTLDFSAIKR 261
Query Sequence DC41:
gbIAY879097.11 Schistocerca americana sid-l-like mRNA, partial cds 
Length=545
Score = 78.5 bits (165), Expect = 3e-12
Identities = 31/66 (46%), Positives = 49/66 (74%), Gaps = 0/66 (0%) 
Frame = -2/+1
Query 311 PDIIPSAHTTFIVLAVIMTLGLFGILFPSVAFSVLFTILHIATCLILTLKIYYAGKFNLE 
PDI SA++TF VLA ++ +G+ G+L V F + FT LH+ TCL+L+++IYY G++ L+ 
Sbj ct 64 PDINASAYSTFAVLACVILIGMAGVLKGGVYFWIGFTCLHLITCLVLSVQIYYMGRWTLD
Query 131 WSALGR 114 
+ SA+ R
Sbj ct 244 FSAIKR 2 61
Query Sequence DC49:
gbIAY879097.11 Schistocerca americana sid-l-like mRNA, partial cds 
Length=545
Score = 61.6 bits (128), Expect = 2e-20
Identities = 22/36 (61%), Positives = 28/36 (77%), Gaps = 0/36 (0%) 
Frame = -2/+1
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Query 221 YFWIAFTVLHLVTCLIMTFQIYYLGRFRLDGGIICR 114 
YFWI FT LHL+TCL+++ QIYY+GR+ LD I R 
Sbjct 154 YFWIGFTCLHLITCLVLSVQIYYMGRWTLDFSAIKR 261
Score = 46.0 bits (94), Expect = 2e-20
Identities = 17/27 (62%), Positives = 22/27 (81%), Gaps = 0/27 (0%) 
Frame = -1/+1
Query 321 S RH P DINARAHAT FGVLAL11FIGLVG 241 
+RHPDINA A++TF VLA +1 IG+ G 
Sbjct 55 T RH P DINASAYS T FAVLACVILIGMAG 135
Score = 31.3 bits (62), Expect = 2e-20
Identities = 14/28 (50%), Positives = 17/28 (60%), Gaps = 0/28 (0%) 
Frame = -2/+1
Query 8 9 P LAAIT PTYCGRCVLL11AN LANWAVAL 6
PL I P Y R VLL + NL N A+A+
Sbjct 298 PLHCIRPLYPNRMVLLTLGNLCNIALAV 381
5.4) H. annigera HaSID-1 specific HaSID-la and HaSID-lb primers
Primer
Name
Sequence (5’-3’) Notes
HaSIDl-1 F TTCGGAGTACTCGCGCTTAT H. annigera SID-1 homologues #1 
(DC36) amplifies a 247bp
HaSID 1-1 R AATGATGAGCAGCACACAGC H. annigera SID-1 homologues #1 
(DC36) amplifies a 247bp
HaSID 1-2 F CTGACATCATACCGAGTGC H. annigera SID-1 homologues #2 
(DC39) amplifies a 219bp
HaSID 1-2 R CCGCAGGGCTGACATGCC H. annigera SID-1 homologues #2 
(DC39) amplifies a 219bp
HaSID 1 -1 F/R primers used to amplify group HaSID-1 a homologue. 
HaSIDl-2 F/R primers used to amplify group HaSID-lb homologue.
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